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ABSTRACT OF DISSERTATION

TRANSCRIPTOMIC ANALYSES OF CATHATRANTHUS ROSEUS
HAIRY ROOTS OVEREXPRESSING CRMYC2 AND ORCA3
AND ROLES OF CROSS-FAMILY TRANSCRIPTION FACTOR
INTERACTION IN TERPENOID INDOLE ALKALOID
BIOSYNTHESIS
Catharanthus roseus (Madagascar periwinkle), is a well-known medicinal plant that
produces a vast array of terpenoid indole alkaloids (TIAs), including two anticancer
compounds vinblastine and vincristine. Industrial scale production of TIAs is hampered
by the difficulties of total chemical synthesis of these compounds and the fragmented
knowledge on TIA pathway. Transcriptional regulation of the TIA biosynthetic pathway
has not been thoroughly investigated in Catharanthus and only a few structural genes
have been identified as the targets of two master regulators: the basic helix-loop-helix
(bHLH) transcription factor (TF) CrMYC2 and APETALA2/ETHYLENE RESPONSE
FACTOR (AP2/ERF), ORCA3. Next generation sequencing (NGS) has been used as a
tool to isolate novel genes encoding enzymes and regulators of TIA pathway in
Catharanthus. In this dissertation, I have performed the transcriptomic analysis of
transgenic Catharanthus hairy roots ectopically expressing a dominant repressive form of
CrMYC2 or ORCA3 in order to understand their potential impact on the TIA
transcriptional regulatory network and to identify and characterize novel target(s) of these
two key TFs.
MYC2 acts as regulatory hub involved in diverse aspects of plant growth, development,
and specialized metabolite biosynthesis by coordinating the crosstalk among different
phytohormone signals. CrMYC2 was initially identified in Catharanthus as a regulator of
ORCA3. CrMYC2 transactivates ORCA3 by binding to the T/G-box in jasmonateresponsive element (JRE) of ORCA3 promoter. RNA interference (RNAi) mediated
knockdown of CrMYC2 strongly reduced TIA accumulation in Catharanthus cell
suspension culture. However, the potential influence of CrMYC2 on the expression of
other regulatory and structural genes in the TIA pathway remains poorly understood.
Transcriptomic analyses revealed that CrMYC2 plays an essential role in JA-induced
gene expression and the differentially expressed genes are involved in diverse aspects of
growth and development as well as abiotic and biotic stress responses in Catharanthus.
Additionally, the expression of genes related to auxin, ethylene, and abscisic acid
signaling cascades were affected in hairy roots with modified CrMYC2 expression,
suggesting this TF mediates cross-talk between JA and other phytohormones.
Surprisingly, overexpression of CrMYC2 resulted in repressed expression of TIA
pathway genes in transgenic hairy roots. Expressions of key activators of indole and

iridoid pathway were downregulated whereas expression of repressors were upregulated
in CrMYC2 hairy roots.
Activators (i.e. CrMYC2 and ORCA3) and repressors (i.e. G-box binding factors; GBFs)
have been isolated and characterized for their role in regulation of TIA pathway.
However, the interconnection between those regulators and the underlying molecular
mechanism has not been throughly studied. I identified (i) the interaction of CrMYC2
with CrGBFs and (ii) how this cross-family transcription factor interactions fine-tunes
TIA biosynthesis in Catharanthus. The expression profiles of CrMYC2 and CrGBFs
were highly correlated in different tissues and in response JA. Moreover, CrMYC2
interacted with CrGBF1 and CrGBF2 in both yeast and plant cells. CrGBF1 and
CrGBF2 could form homo- and hetero-dimer which bound T/G-box elements of TIA
pathway gene promoters. In plant cells, CrGBF1 antagonizes the activity of CrMYC2 on
target promoters in a dosage dependent-manner. Similarly, CrMYC2 can overcome
CrGBF1-mediated repression of target promoters in a dosage dependent manner.
ORCA3 is another major regulator of TIA biosynthesis in Catharanthus. The
transcriptomic analysis of ORCA3 transgenic hairy roots revealed (i) the effect of
ORCA3 on newly identified TIA pathway biosynthetic enzymes; (ii) identify the
potential effect of ORCA3 on three biological processes: abiotic stress response, plant
secondary metabolic process, and response to hormonal stimulus; and (iii) the
identification of potential regulator(s) of TIA biosynthesis using ORCA3 based coexpression analysis.
KEYWORDS: Transcriptomic analysis, CrMYC2, ORCA3, Transcriptional regulation,
Terpenoid indole alkaloid pathway, Catharanthus roseus
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CHAPTER ONE
Literature review
Plant specialized metabolism and defense against environmental stresses
A plant, as an independent system living in various environmental conditions, has to
adapt to ever changing conditions.

In plants, primary metabolism is used for the

maintenance of plant growth and development. In addition, plants also evolved into
producing specialized metabolites, which have been used as chemical signal and defense
weapon for plant evolution and environmental adaptation. Hundreds of thousands of
plant specialized metabolites are produced in vivo and then accumulate into specific cell
types and tissues to protect the plant against various abiotic and biotic stresses, such as
osmotic stress, UV light, pathogens, pests, and herbivores (Bennett and Wallsgrove,
1994; Arimura and Maffei, 2016).

Moreover, plant specialized metabolisms act as

ecological signals to mediate the interactions between plant and environmental factors,
resulting in biodiversity and coevolution of species (Bourgaud et al., 2001; Hartmann,
2007; Zvi et al., 2012; Arimura and Maffei, 2016). Other than structural diversity, the
majority of plant specialized metabolites are restricted to certain phylogenetic groups of
organisms (Arimura and Maffei, 2016).
For human health, some plant specialized metabolite classes have multitude
pharmaceutical properties and wide range of biological activities and are used as
medicines, flavoring, fragrances, recreational drugs (Arimura and Maffei, 2016).
Therefore, plant specialized metabolite have a huge impact on many aspects of our daily
life (Ramakrishna and Ravishankar, 2011). Compared to synthetic compounds, plant
derived drugs still play an important role in drug discovery, especially in the fields of
anticancer and antimalarial therapies (Atanasov et al., 2015). However, despite their
importance for human health, the available quantities of many specialized metabolites
produced by plants are often insufficient for medical applications. Moreover, the yield of
plant specialized products are also greatly influenced by the physiological states and
development stages of the plant (Ramakrishna and Ravishankar, 2011; Rao et al., 2002).
Metabolic engineering, therefore, has the potential to increase the yield and improve the
purity of these molecules and even to change the biological activity of the compounds
1

(O’Connor, 2015). As a precondition for metabolic engineering of a specific pathway,
the identification of the biosynthetic pathway enzymes and regulatory elements of the
pathway are crucial.
specialized

Albeit enormous structural variation, the majority of plant

metabolites

can

be

classified

into

three

categories:

terpenoids,

phenylpropanoids, and alkaloids (Zhao et al., 2013). Successful metabolic engineering
for plant specialized metabolite also largely depends on the extensive knowledge of the
interrelationship between the native in planta pathway you are interested in and other
related pathways.

Ensuring substrate availability by increasing pathway flux or

decreasing endogenous precursor consuming pathways should be taken into consideration
for increasing target metabolite accumulation (Jiang et al., 2015).
There are two manipulation systems widely used for metabolic engineering: the native
producer or a heterologous host. To use a native metabolite producer requires the plant
be genetically modifiable.

With this system, overexpressing one specific pathway

enzyme via constitutive or inducible promoter can manipulate the accumulation level of a
specific metabolite.

However, in most cases, the metabolic pathway is usually an

elaborate system coordinately regulated by various transcriptional regulators (O’Connor,
2015). Therefore, simply overexpressing a single enzyme in a metabolic pathway usually
only has a marginal effect on yield in planta. As an alternative method, metabolic
engineering is also able to transfer the entire metabolic pathway enzymes to a
heterologous host for sustainable production of plant specialized metabolites, such as
Escherichia coli and Saccharomyces cerevisiae.

For example, E. coli successfully

produces artemisinin precursors in cell culture (Tsurita et al., 2009) and yeast has been
used as an industrial production of sesquiterpene metabolism (Takahashi et al., 2007).
However, microbial platforms also have their own limitation for metabolite engineering
(Ikram et al., 2015; O’Connor, 2015).

Critical review of secondary metabolite

engineering is out of the scale of this chapter, interested persons can read several
excellent reviews which have been published recently (O’Connor, 2015; Glenn et al.,
2013; Pickens et al., 2011).

2

Terpenoid indole alkaloid (TIA) biosynthetic pathway in Catharanthus roseus
Madagascar periwinkle (Catharanthus roseus L.) is a native and endemic species of
Madagascar. This species belongs to the family of Apocynaceae and is widely used as an
ornamental plant throughout the world.

It is also famous for producing anticancer

compounds. C. roseus has the ability to produce more than 100 terpenoid indole alkaloids
(TIAs).

Importantly, this species acts as unique source to produce two anticancer

compounds: vinblastine and vincristine (Ferguson et al., 1984) and its TIA biosynthetic
system is also used as a ‘non-model’ system to study transcriptional regulation of plant
derived alkaloid biosynthesis (Thamm et al., 2016). After decades of efforts, the TIA
biosynthetic pathway has been demonstrated to involve multiple enzymatic steps which
are controlled by an elaborate transcriptional regulatory networks (Memelink and Gantet,
2007; Peebles et al., 2009; Patra et al., 2013; Thamm et al., 2016).
In general, TIA compounds are exclusively synthesized in the Gentianale order within the
families of Apocynaceae, Rubiaceae and Loganiaceaem, which forms a large family of
plant-derived bioactive compounds with the function of plant defense (De Luca et al.,
2012; Miteeinen et al., 2014). Besides vinblastine and vincristine, other TIA compounds
with high-value pharmacological properties are also identified in C. roseus. For instance,
ajmalicine and serpentine are both functional as antihypertensive drugs and sedative
compounds, respectively (O’Connor and Maresh, 2006; Verma et al., 2012). However,
due to only trace amount of these TIAs produced in planta together with the sophisticated
chemical structures of TIA compounds, there are difficulties for artificial synthesizing
and industrial production of TIAs. Additionally, successfully metabolic engineering of
TIA biosynthesis also depends on the identification of potential transcription factor(s)
which are involved in different branches of TIA pathway, as well as the missing
enzymatic steps.
The family of TIA chemical structure is generated by condensing a modified
monoterpenoid moiety and a tryptophan derived amine moiety. The two moieties are
derived from two distinct biosynthetic pathways: the methyl erythritol phosphate (MEP)
pathway and the shikimate pathway (Figure 1.1). The biosynthesis of terpenoids can
occur via two different pathways: the mevalonate (MVA) pathway or the methyl
erythritol phosphate (MEP) pathway. In C. roseus, the biosynthesis of monoterpenoid
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moiety used for TIAs is only produced by the MEP pathway and then further transformed
into secologanin through multiple enzymatic steps of the iridoid pathway (Figure 1.1).
In the MEP pathway, glyceraldehyde 3-phosphate (G3P) and pyruvate are converted into
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) after seven
enzymatic reactions, including 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1deoxy-D-xylulose-5-phosphate
methylerythritol

2-phosphate

reductoisomerase
synthase

(CMS),

(DXR),

4-diphosphocytidyl-

4-diphosphocytidyl-2-C-methyl-D-

erythritol kinase (CMK), 2C-methyl-D-erythritol 2,4-cyclodiphosphate reductase
(MECS), 1-hydroxy-2-methyl-2-butenyl 4-diphosphate synthase (HDS), and 1-hydroxy2-methyl-butenyl 4-diphosphate reductase (HDR) (Dugé de Bernonville et al., 2015;
Chahed et al., 2000; Veau et al., 2000; Oudin et al., 2007). Subsequently, the resulting
DAMPP and IPP are catalyzed by geranyl diphosphate synthase (GPPS) and geraniol
synthase (GES) into the monoterpene geraniol (Figure 1.1 and Figure 1.2; Bernonville et
al., 2015).
The iridoid pathway begins with converting geraniol into 10-hydroxygeraniol geraniol
10-hydroxylase (G10H) and then further oxidized into 10-oxogeranial by10hydroxygeraniol oxidoreductase, (10HGO; Dugé de Bernonville et al., 2015; Miettinen et
al., 2014). Until recently, the discovery of the rest of iridoid pathway enzymes (10HGO;
iridoid synthase, IS; iridoid oxidase, IO; 7-deoxyloganetic acid glucosyltransferase,
7DLGT; 7-deoxyloganic acid, 7DLH) has been reported. After oxidization, cyclization,
oxidization, glucosyltransferation, and hydroxylation, 10-oxogeranial is further modified
into loganic acid (Miettinen et al., 2014; Salim et al., 2014; Geu-Flores et al., 2012; Collu
et al., 2001; Hӧfer et al., 2013). Loganic acid is then methylated into loganin by the
enzyme S-adenosyl-L-methionine loganic acid methyl transferase (LAMT). The final
product of the iridoid pathway, secologanin, is produced by cleavage of loganin by the
P450 enzyme secologanin synthase (SLS) (Murata et al., 2008, Irmler et al., 2000)
(Figure 1.1 and Figure 1.3).
The precursor of indole moiety is tryptophan, which is derived from chorismate via
anthranilate through the shikimate pathway (El-Sayed and Verpoorte, 2007). The
formation of anthranilate is catalyzed by anthranilate synthase (AS) and the end product
tryptophan is formed after four following enzymatic steps. Then tryptophan can be
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specificly converted into tryptamine by the enzyme tryptophan decarboxylase (TDC)
(Figure 1.1 and Figure 1.4).
The formation of the first TIA compound – strictosidine – is featured by the condensation
of tryptamine and secologanin, which is catalyzed by strictosidine synthase (STR).
Strictosidine, the precursor of a series of MIAs, is further transported to different cellular
and subcellular compartments to synthesis different TIAs. The initial biosynthesis of
ajmalicine and serpentine is catalyzed by the formation of cathenamine which catalyzed
by strictosidine-β-D-glucosidase (SGD), then cathenamine converts into ajmalicine and
further converts into serpentine with the enzymatic reactions of cathenamine reductase
and an uncharacterized peroxidase (Figure 1.1 and Figure 1.5). Although the initial
steps of the conversion of the strictosidine into tabersonine remain unknown, the final
sequential enzymatic steps of vindoline biosynthesis have already been elucidated,
including

tabersonine

16-hydroxylase

(T16H),

16-hydroxytabersonine-O-methyl-

transferase (OMT), tabersonine 3-oxygenase (T3O), tabersonine 3-reductase (T3R), Nmethyltransferase

(NMT),

desacetoxyvindoline

4-hydroxylase

(D4H)

and

deacetylvindoline 4-O-acetyltransferase (DAT). The biosynthesis of bisindole alkaloids,
vinblastine and vincristine, are synthesized from the coupling of catharanthine and
vindoline. This process is catalyzed by anthydrovinblastine synthase (PRX1) (Qu et al.,
2015; Figure 1.1 and Figure 1.6)

Compartmentation of TIA biosynthetic pathway
As mentioned above, the TIA biosynthetic pathway is an elaborate biosynthetic system
with multiple enzymatic steps and many intermediates. In addition, the TIA biosynthetic
pathway occurs in a temporal and spatial fashion and many intermediates are synthesized
after undergoing different intercellular and intracellular translocations (Figure 1.1;
O’Connor and Maresh, 2006; De Luca et al., 2012; Courdavault et al., 2014; De
Bernonville et al., 2015; Verma et al., 2012). RNA in situ hybridization assay proved
that at least four different cell types are involved the TIA pathway in Catharanthus
leaves, including internal phloem associated parenchyma (IPAP), leaf epidermis,
idioblast, and laticifer (Figure 1.1). IPAP is the location for the whole MEP pathway and
eight enzymatic steps of secoiridoid pathway for completing the secologanin biosynthesis
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-forming the basic skeleton of the TIA compounds. After that, secologanin is converted
into loganin acid and further transferred to the leaf epidermis. In the leaf epidermis,
strictosidine is first generated by the condensation of tryptamine and secologanin then
exported into the cytosol from the vacuole by a tonoplast localized nitrate/peptide family
(NPF) transporter named CrNPF2.9 (Payne et al., 2017). The biosynthesis of vindoline is
conducted by D4H and DAT when its precursor, desacetoxyvindoline, has been
transferred to laticifers and idioblast cell. Finally, catharanthine is transported to the leaf
surface by the TPT2 transporter and coupled with vindoline on the leaf surface (Yu and
De Luca, 2013; Figure 1.1). Some uncharacterized secretion mechanisms remain elusive
in this process. Traditionally, forward genetics and comparative genomics are commonly
used to identify novel enzymes and transcription factors in TIA pathway regulation and
improve ourunderstanding of this biosynthetic system. However, there are still many
questions unanswered about the complex spatial organization of TIA metabolism
(Courdavault et al., 2014).

JA signaling and transcriptional regulation of the TIA pathway
Similar with other plant secondary metabolic biosynthesis, the TIA biosynthetic pathway
serves as a defense response to various biotic and abiotic stresses, such as microbial
infection, wound, UV irradiation (Memelink and Gantet, 2007).

Yeast extract and

phytohormone jasmonic acid (JA) can induce the expression of various transcription
factors to boot the expression of TIA biosynthetic pathway enzymes. Previous evidences
showed that TIA biosynthesis is coordinately regulated by both transcriptional activators
and repressors. Simultaneous up and down regulation of expression by both activator and
repressor, respectively, is presumably used as a strategy to fine tune the biosynthesis of
TIA compounds in planta.

In the TIA pathway, strictosidine synthase (STR) and

tryptophan decarboxylase (TDC) are two committed enzymatic steps for initial TIA
condensation and precursor biosynthesis, respectively. Analysis of these two promoters
revealed that both contain jasmonate- and elicitor responsive element (JERE) sequences
upstream of TATA box (Menke et al., 1999). Most of identified yeast extract elicitor and
JA inducible transcription regulators are targeted to the JERE region. Hereinafter, I
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summarize TIA transcription regulators, the role each factor contributes to TIA regulation
and their corresponding relationship with other transcriptional regulators.
The very first two TIA transcriptional regulators, ORCA1 and ORCA2 (Octadecanoid derivative Responsive Catharanthus AP2-domain protein), were identified by yeast onehybrid screening using the JERE region of the STR promoter as bait.

EMSA

(Electrophoretic Mobility Shift Assays) results showed both ORCAs bound specifically
to the JERE region of the STR promoter. Protoplast transient assay showed that only
ORCA2, not ORCA1, had strong effects on the STR-promoter activity (Menke et al.,
1999). Further study has shown the essential role of ORCA2 in TIA biosynthesis and
TIA transcriptional regulation.

Overexpression of ORCA2 in transgenic hairy root

positively regulates many key enzymes of different branches of the TIA pathway,
including ASα, TDC, G10H, LAMT, STR, T16H, PRX1 genes.

In addition,

overexpression ORCA2 also increases transcript levels of ORCA3, ZCT1, ZCT2, and
ZCT3. On the other hand, overexpression of ORCA2 only has minimal or no effects on
the expression levels of CrMYC2, BPF1, CrGBF1 and CrGBF2 in hairy roots. Increased
amounts of several key TIA compounds were also found in ORCA2 overexpression hairy
root, including ajmalicine, serpentine, catharanthine, 16-hydroxytabersonine (Li et al.,
2013).
The identification of ORCA3 is occurred via transferred-DNA (T-DNA) activation
tagging approach in Catharanthus cell suspension.

The tagged cell lines showed

increased levels of both TDC and STR expression.

ORCA3 is JA responsive and

overexpression ORCA3 in C. roseus cell line increased the expression of TIA
biosynthetic genes, such as TDC, STR, SGD, CPR, and D4H. EMSA and protoplast
transient assay experiment also demonstrated that ORCA3 is involved in transcriptional
activation of TDC, STR, and CPR by directly activating their promoters. After loganin
feeding, ORCA3 overexpression significantly increased accumulationof stricotosidine
and ajmalicine (van der Fits and Memelink, 2000).

Since JA response is context

dependent, the function of ORCA3 has also been investigated in C. roseus transgenic
hairy root system. Overexpression of ORCA3 in hairy root increased the expression
levels of ASα, DXS, STR, SLS, and ZCTs. In contrast, expression levels of TDC, G10H,
CPR, ORCA2 and CrGBFs remain constant with only the expression of SGD decreasing.
7

Upon ORCA3 overexpression, the expression pattern of SGD, TDC, CPR pathway genes
in hairy root is different from that found in suspension cells.

Furthermore, the

coexpression between ORCA3 and three ZCT repressors has been proposed a potential
mechanism to explain why overexpression of ORCA3 alone cannot increase TIA
accumulation (Peebles et al., 2009). However, increased catharanthine accumulation has
been found in ORCA3 overexpression hairy root after induction with MeJA and sodium
nitroprusside (SNP) (Zhou et al., 2010). To overcome the limited effects of ORCA3
expression on TIA biosynthesis, an alternative method is combining the overexpression
of ORCA3 with other key pathway enzyme gene in specific branches of TIA
biosynthesis.

Co-expression of ORCA3 and SGD significantly increased the total

amount of alkaloids present in hairy roots, including serpentine, ajmalicine,
catharanthine, and tabersonine (Sun and Peebles, 2015). Combining overexpression of
ORCA3 and G10H demonstrated improved catharanthine accumulation in hairy roots
(Wang et al., 2010).

In C. roseus transgenic plants, combining overexpression of

ORCA3 and G10H also showed higher accumulation of TIAs, specifically, significant
increasing the amount of strictosidine, vindoline, catharanthine, and ajmalicine (Pan et
al., 2012).
Expression of CrBPF1, a homologue to parsley box P-binding factor-1 (PcBPF-1), is
rapidly induced in response to yeast extract. The BA region of the STR promoter was
able to autonomously confer elicitor- and JA- responsive gene expression. Yeast onehybrid screening identified that CrBPF1 bound to the BA region. In the STR promoter,
the JERE element of the RV region is the key element for elicitor and JA response.
Considering the location of the BA region within the STR promoter, CrBPF1 was
believed to be insufficient for elicitor - induced STR expression and might only be an
enhancing factor for the elicitor and/or JA response (van der Fits et al., 2000).
Overexpression of CrBPF1 in hairy roots increased the expression level of pathway
enzyme genes in the shikimate pathway (ASα and TDC), the MEP pathway (DXS genes)
and the iridoid pathway (G10H, CPR, and LAMT), respectively. Overexpression of
CrBPF1 also had positive effects on the expression level of different TIA transcriptional
activators (ORCA3, CrMYC1, CrMYC2, WRKY1 and BIS1) at different time courses
within 72h after induction in C. roseus hairy roots. However, overexpression of CrBPF1
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could not activate the expression of key TIA pathway enzyems like STR or SGD. Due to
the pronounced increased expression level of these TIA transcriptional repressors (ZCT1,
ZCT2, and ZCT3), CrBPF1 overexpression resulting in only modest effects on TIA
accumulation (Li et al., 2015).
Three Cys2/His2 type zinc finger proteins ZCT1, ZCT2, and ZCT3 were initially
identified in a yeast one-hybrid (Y1H) screening by using the elicitor-responsive region
of the TDC promoter as bait. The expression of these three ZCT TFs is inducible to both
fungal elicitors and MeJA. These three ZCT proteins specifically bind to the G-box of
the STR promoter and the BD region of the TDC promoter in in vitro assays. Cotransformation of ORCA2 or ORCA3 and ZCT plasmids show that the activity of ORCA
proteins is significantly repressed by ZCT repressors. In the STR promoter context, in
vivo co-expression assay also shown that the repression ability of ZCTs to counteract the
activity of ORCA proteins is not via competing for the same binding sites (Pauw et al.,
2004). Although sharing some functional redundancy, the three ZCTs also have distinct
roles on the transcriptional regulation of TIA biosynthesis. Only ZCT1 and ZCT2 bind to
the promoter region of HDS gene of the MEP pathway and repress its expression (Chebbi
et al., 2014). RNAi mediated silencing of ZCT1 did not increase the expression of key
TIA biosynthetic enzymes, such as STR, TDC, and G10H and boot the accumulation of
TIA compounds in C. roseus transgenic hairy roots.

ZCT1 and ZCT2 share high

sequence similarity. Silencing ZCT1 also decreasing the expression level of ZCT2 in the
ZCT1 RNAi hairy roots. However, highly expressed ZCT3 might also act as a limiting
factor to activate the expression of key TIA pathway enzymes, such as STR, TDC, and
G10H, resulting in decreased TIA accumulation (Rizvi et al., 2016).
In the WRKY transcription factor families, at least 12 WRKY type TFs are responsive to
JA induction and potentially involved in TIA metabolic biosynthesis in C. roseus
(Schluttenhofer et al., 2014). Promoter analysis of TDC promoter found four W box
(TTGACC/T) elements which are potential binding site for WRKY type transcription
factor.

CrWRKY1 and CrWRKY2 were identified with different role in TIA

biosynthesis regulation (Suttipanta et al., 2011; Suttipanta, 2011).

CrWRKY1 is

preferentially expressed in root tissue of C. roseus. Both in vitro and in vivo assays
demonstrated that CrWRKY1 bound to the W-box elements of the TDC promoter.
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Overexpression of CrWRKY1 in hairy root cultures inhibited the expression of TIA
transcriptional activators, such as ORCA2, ORCA3, and CrMYC2. Simultaneously, the
expressions of TIA transcriptional repressors, such as ZCT proteins, were increased,.
Additionally, overexpression of CrWRKY1 activated the expression of TDC and
specifically increased the accumulation of serpentine in C. roseus root (Suttipanta et al.,
2011). In comparison, CrWRKY2 is predominantly expressed in aerial tissue and also
involved in TIA biosynthesis. Overexpression of CrWRKY2 in hairy root not only
increase the expression of both TIA pathway genes (TDC, STR, T16H, D4H, DAT) and
transcriptional regulators (ORCA2, ORCA3), but also increase the amounts of
caharanthine and tabersonine (Suttipanta, 2011).
Besides the STR and TDC targeted TIA regulators, recently, a basic Helix-Loop-Helix
(bHLH) type transcription factor bHLH iridoid synthesis 1 (BIS1) was shown to act as a
master TIA biosynthesis regulator. This bHLH TF is JA responsive, belongs to clade IVa
of bHLH family, and is able to transactivate the iridoid branch of TIA biosynthetic
pathway by directly targeting the promoters of iridoid pathway enzymes from geranyl
diphosphate to loganic acid (Van Moerkercke et al., 2015). Transcriptomic analysis
showed that the first sevens enzymes of iridoid pathway are highly coexpressed with
BIS1 TF. Further in vivo experiments demonstrated that BIS1 specifically transactivates
the promoters of the iridoid pathway genes (GES, G10H, 10HGO, IRS, IO, 7-DLGT, 7DLH) in tobacco protoplast assay and upregulated the expression level of these iridoid
genes in BIS1 overexpression transgenic hairy roots. Although transactivating several
key TIA pathway enzymes, ORCA3 is not able to activate the iridoid branch of TIA
biosynthesis and increase TIA accumulation. Different from ORCA3, BIS1 might act in
a complementary manner to ORCA3 as overexpression of BIS1 in C. roseus suspension
cells increased the accumulation of TIA compounds (Van Moerkercke et al., 2015).
Additionally, a homologue of BIS1, named BIS2, has been characterized recently. BIS2
is also JA responsive and has the ability to transactivate the promoters of iridoid pathway
genes (GES, G10H, 10HGO, IRS, 7-DLGT, 7-DLH).

BIS2 can homodimerize or

heterodimerized with BIS1 to regulate the expression of these iridoid enzymes in a
synergistic manner. Overexpression of BIS2 in C. roseus suspension cells and transient
expression in C. roseus petal limbs specifically increase the expression of both the MEP
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pathway and iridoid pathway gene. RNAi mediated suppression of BIS2 in C. roseus
suspension cells completely abolish TIA accumulation (Van Moerkercke et al., 2016).
ORCA3 promoter contains an autonomous jasmonate-responsive element (JRE). The
region is further divided into two important sequences: quantitative sequence, which is
responsible for high level expression, and a qualitative sequence, which acts as an on/off
switch for JA response (Vom Endt et al., 2007). Using a yeast one-hybrid assay (Y1H)
screening method, AT-hook family proteins have been identified that bind to the
quantitative sequence within the JRE element of the ORCA3 promoter. In vitro assays
showed that at least two AT-hook family proteins had a weak activation activity,
functioning through theJRE region, and might be involved in determining ORCA3
expression.
CrMYC2, a basic Helix-Loop-Helix type transcription factor, has been demonstrated to
directly bind to the quantitative region of ORCA3 promoter. Initially, CrMYC2 was
identified in an Y1H screen using a tetramer of the G-box of the STR promoter as bait
(Pré et al., 2000), but further experiments showed it cannot transactivate expression of the
STR promoter (Zhang et al., 2011). However, the coexpression between CrMYC2 and
ORCA3 in JA treated cell suspension indicated the correlation of these two factors.
Further, in vitro binding assays demonstrated CrMYC2 binds to and transactivates the
quantitative sequences in the JRE region of ORCA3 promoter (Zhang et al., 2011).
RNAi mediated suppression of CrMYC2 strongly reduced the TIA accumulations in cell
suspension (Zhang et al., 2011). However, due to the defects of terpenoid pathway in cell
line MP183L, alkaloid precursors both tryptamine and loganin are required to complete
the downstream TIA biosynthesis (Zhang et al., 2011). Therefore, what the potential
impact of CrMYC2 on the transcriptional regulation of the iridoid and indole pathways
remains to be explore. Interestingly, both in vitro and in vivo assays have shown that
AtMYC2 in Arabidopsis, a homologue of CrMYC2, binds and activates the ORCA3
JRE-mediated reporter gene expression. Furthermore, the activity of the JRE from the
ORCA3 promoter in atmyc2 mutant seedling strictly depends on AtMYC2 in vivo
(Montiel et al., 2011).

11

Using Omic tools for TIA pathway enzyme and new regulator discovery
Successful engineering of increased TIA accumulation in planta or in a heterologous host
depends on both complete characterization of missing enzymatic steps and identification
of potential transcriptional regulators of this pathway.

Our knowledge of TIA

biosynthesis is still fragmentary due in part to a lack of effective molecular tools and
genetic approaches to identify enzymes and regulators in this specialized metabolic
pathway (Góngora-Castillo et al., 2012). To increase available transcriptomic data and
gene discovery in C. roseus, two expressed sequence tag (EST) database of young leaves
and root tips were established by the De Luca group (Murata et al., 2006). Since the
occurrence of TIA biosynthesis is highly cellular compartmentalized, tissue specific EST
database increased the probability of TIA gene discovery (Duge de Bernonville et al.,
2014). The leaf epidermis is the cellular compartment responsible for several of the key
enzymatic steps of TIA biosynthesis (Figure 1.1). By using the EST database of leaf
epidermone, one TIA gene in iridoid pathway - loganic acid O-methyltransferase
(LAMT) - was discovered and functionally characterized (Murata et al., 2008). Mining
of this epidermis transcriptome also led to identifying the ATP-binding cassette
transporter which is able to export catharanthine to the C. roseus leaf surface (Yu and De
Luca, 2013). However, ETS libraries are relatively low throughput, expensive, and not
quantitative (Wang et al., 2009) which inhibit their use for further new TIA gene
discovery.
The development of novel high-throughput sequencing technology provides new tool to
quantitatively analyze transcriptomic data (Wang et al., 2009). RNA sequencing (RNAseq) is a revolutionary method used to comprehensively analysis the transcriptome
composition. Sequencing reads are mapped to the genome or assembled de novo to form
contigs. The number and density of reads corresponding to RNA from exon or splicing
regions of the gene are used to detect and quantify transcript levels, identify new genes,
and confirm exon/intron boundaries from one specific developmental stage or
physiological condition (Mortazavi et al., 2008; Nagalakshmi et al., 2010).
As mentioned above, many secondary metabolic pathways in medicinal plants are
species-specific and our knowledge of these pathways remains to explore. The
fragmentary knowledge of TIA biosynthesis and its transcriptional regulation impedes the
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efficiency of metabolic engineering to increase the accumulation of valuable TIA
compounds. In recent years, RNA-seq, with all of its advantages, has become a fast and
cost-effective method to uncover the biosynthetic pathways for numerous medicinal
compounds. For example, in plant specialized metabolite studies, one key effort was the
establishment of public database for the transcriptomes of 14 medicinal plants by the
Medicinal Plant Genomic Resources (MPGR, http://medicinalplantgenomics.msu.edu/).
Tissue specific transcriptomic analysis of three TIA producing medicinal plants
Catharanthus roseus, Rauvolfia serpentina and Camptotheca acuminata were performed
(Góngora-Castillo et al., 2012). Specifically, the transcriptomic analysis of C. roseus
also includes cell culture and hairy root following elicitor treatment (Góngora-Castillo et
al.,

2012).

Another

C. roseus

metabolic pathway database

is

CathaCyc

(http://www.cathacyc.org), which established 390 pathways with 1,347 assigned enzymes
for primary and secondary metabolism (Van Moerkercke et al., 2013). An Indian group
also

generated

different

tissue

specific

transcriptomes

of

C.

roseus

(http://nipgr.res.in/mjain.html?page=catharanthus ) by using RNA-seq and identified
transcription factor encoding transcripts which might regulate TIA biosynthetic pathway
(Verma et al., 2012).

To better understand the biochemistry, control and TIA

biosynthetic genes, the genome sequence of C. roseus cv. Sunstorm Apricot was
generated using whole genome shotgun sequencing by O’Connor group and its
collaborators (Kellner et al., 2015). The C. roseus genome revealed some key features
which are very important to comprehensive understand TIA biosynthesis and its
regulation, such as physically clustered genes, gene duplication, and enzyme rich genic
regions and pathway enzymes nearby transporters (Kellner et al., 2015). Taken together,
all these transcriptomes, expression profiles, and genome information of C. roseus
empower the study of TIA biosynthetic pathway and deepen our understanding of plant
specialized metabolism.
In the aspect of transcriptomic data analysis, there are two methods are usually used in
both C. roseus and other TIA producing plants.

The first method is orthology

comparisons which identifies conserved genes encoding enzymes involved in the
biosynthesis of specialized secondary metabolites found in other medicinal species, such
as in Camptotheca acuminata or Rauwolfia serpentina.
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For example, the

GLYCOALKALOID METABOLISM 9 (GAME9) gene in tomato, which is the ortholog
of ORCA3 gene in C. roseus, activates the biosynthesis of steroidal glycoalkaloids by
transactivating the STEROL-DESATURASE promoter (Cárdenas et al., 2016).
Artemisia annua MYC2 (AaMYC2), an orthologue of AtMYC2 in Arabidopsis, can bind
to the G-box-like cis-elements of CYP71AV1 and TRANSARTEMISINIC ALDEHYDE
REDUCTASE2 (DBR2) promoters and activates their expression. Overexpression of
AaMYC2 increases artemisinin biosynthesis in A. annua and RNAi mediated suppression
of AaMYC2 decreases accumulation of artemisinin in planta (Shen et al., 2016).
Another method used is the co-expression of one specific gene of interest (such as a
pathway enzyme or a known transcriptional regulator), in one or different transcriptome
datasets, to identify the gene(s) with similar expression profile(s). Coexpressed genes
might be involved in the species-specific secondary metabolite pathway. The idea behind
this method is that plant secondary metabolic pathway are usually coordinately regulated,
similar expression profiles with one target gene in different experimental conditions
imply these candidate genes might be involved in the same regulon for a specific
metabolic pathway (Dugé de Bernonville et al., 2014; O’Connor, 2015). Taking
advantage of this method, several missing steps of TIA pathway and transcriptional
regulators have been recently identified. The successful identification of the last four
missing steps of iridoid pathway (IO, 7-DLH, 8-HGO and 7-DLGT) in C. roseus was
achieved by the coexpression analysis of both CathaCyc metabolic database and MPGR
transcriptomic database using the expression profile of GES and G10H as bait. Then the
functions of these four iridoid genes were characterized individually by biochemical
assays. Expression of the eight genes in iridoid pathway together with key genes for TIA
precursor biosynthesis in Nicotiana benthamiana allowed the production of strictosidine,
the initial MIA compound in TIA biosynthetic pathway (Miettinen et al., 2014).
As discussed above, Catharanthus ORCA3 acts as a master regulator in the TIA
biosynthetic pathway with an ability to activate several pathway enzymes of different
branches of the pathway (van der Fits et al., 2000; Peebles et al., 2009). Recently, the
availability of Catharanthus genomic sequence revealed that this ORCA activator is
physically clustered with other two homologous, ORCA4 and ORCA5 (Kellner et al.,
2015; Paul et al., 2017). Further studies demonstrated that this ORCA gene cluster is
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differentially regulated and ORCA4 functionally overlaps with ORCA3 to regulate TIA
biosynthetic genes. Furthermore, overexpression of ORCA4 boosts the accumulation of
TIA compounds in C. roseus hairy root (Paul et al., 2017).
The identification of transcriptional regulator, bHLH iridoid synthesis 1 (BIS1), for the
iridoid pathway was also achieved by mining the C. roseus RNA-seq data from MPGR
(Van Moerkercke et al., 2015).

Coexpression analysis was performed to identify

candidate TFs. Candidate TFs had three common features: 1) similar expression pattern
with iridoid genes upstream of LAMT; 2) coexpression with G10H, a key enzyme in
iridoid pathway; and 3) its expression was not affected by ORCA3 overexpression. BIS1
was identified were performed based on different transcriptomic datasets from the
SmartCell consortium (http://bioinformatics.psb.ugent.be/orcae/overview/Catro), such as
JA treated cell suspension cultures and seedlings, (Van Moerkercke et al., 2015). Further
experiments demonstrated that the BIS1 TF specifically transactivates the upstream genes
in the iridoid pathway from geranyl diphosphate to the iridoid loganic acid and
overexpression in both hairy root and cell suspension increased the accumulation of
iridoids (Van Moerkercke et al., 2015). Beside BIS1, similar bHLH TF named BIS2 also
identified by using C. roseus the same methods and transcriptomic datasets (Van
Moerkercke et al., 2016).
Two missing enzymes, tabersonine 3-oxygenase (T3O) and tabersonine 3-reductase
(T3R), which are involved in the conversion of 16-methoxytabersonine to 3-hydroxy-16methoxy-2, 3-dihydrotabersonine in vindoline biosynthesis, were identified by combining
C. roseus leaf epidermone data and virus-induced gene silencing (VIGS) assay.
Engineering the complete seven genes of vindoline pathway in yeast demonstrated that
the yeast system is a potential industrial platform to produce vindoline from tabersonine
(Qu et al., 2015).
Successful identification of the missing enzymatic steps of TIA biosynthesis made the
reconstitution of the vindoline pathway in a heterologous host possible. An elegant case
of metabolic engineering TIA biosynthesis is production of strictosidine, the fundamental
intermediate for all TIA compounds, in yeast (Saccharomyces cerevisiae). To improve
the production of strictosidine in yeast, key enzymes of the upstream of MVA pathway
(tHMGR, MAF1, IDI, SAM2, ZWF1) and three enzyme genes of consumption of
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pathway intermdiates (ERG20, ATF1, OYE2) were doubled and deleted in the yeast
genome, respectively (Brown et al., 2015). Then all Catharanthus derived TIA
biosynthetic genes (GES, G10H, 10HGO, IRS, IO, 7-DLGT, 7-DLH, LAMT, SLS, STR,
TDC, and CPR) and other plant and animal-derived cofactors (AgGPPS2, CYB5,
CYPADH, mFPPS) were incorporated into the yeast to allow for strictosidine production.
Finally, this reconstitution in yeast resulted in titers of strictosidine at 0.5mg/L (Brown et
al., 2015).

Overview of this dissertation
Taking advantage of the new omic tool - RNA-sequencing, we generate two sets of
transcriptome datasets which ectopically express either an ectopic (overexpression) or a
repressive (SRDX) form of two master transcriptional regulators, CrMYC2 and ORCA3.
Using co-expression and differential gene expression analyses, this research provides an
in depth understanding of CrMYC2 and ORCA3 TF in TIA biosynthesis. Additionally,
this research identifies novel relationships among transcriptional regulators controlling
the TIA biosynthetic pathway in Catharanthus roseus.
In Chapter two, the research mainly focuses on transcriptomic characterization of the C.
roseus master regulator CrMYC2, a basic Helix-Loop-Helix (bHLH) type transcription
factor. In Arabidopsis and other species, accumulating evidences indicates that AtMYC2
acts as regulatory hub to regulate diverse aspects of plant growth and development by
coordinating the crosstalk among different hormone signals (Dombrecht et al., 2007;
Kazan and Manners, 2008 and 2013). Previously, CrMYC2 was identified in an Y1H
screen using a tetramer of the G-box of the STR promoter as bait (Pré et al., 2000).
Further analyses of CrMYC2 and ORCA3 in cell suspension in vitro binding assays
demonstrated CrMYC2 binds to and transactivates the T/G-box in the JERE region of
ORCA3 promoter (Zhang et al., 2011). Moreover, knockdown of CrMYC2 by RNAi
strongly reduced TIA accumulation in cell suspension cultures (Zhang et al., 2011).
However, the potential influence of CrMYC2 on upstream portions of TIA pathway is
still not well understood. The transcriptomic characterization of CrMYC2 will not only
further our understanding of its diverse role on C. roseus growth and development, but
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also facilitate the identification of novel transcriptional regulator(s) involving in TIA
biosynthesis.
Based on the transcriptomic analysis of CrMYC2, Chapter three reveals a
transcriptional regulatory mechanism to fine tune TIA biosynthesis by using the cross
family transcription factor interactions between CrMYC2 TF and CrGBF TFs (bHLHbZIP). Expression pattern analysis shown that expression of these two TFs is highly
correlated across different tissues of C. roseus.

Moreover, we demonstrated that

CrMYC2 interacts with CrGBF1 and CrGBF2 in yeast and plant cell, respectively.
Furthermore, CrGBF1 and CrGBF2 form homo- and hetero-dimer with different
repression abilities on different G/T-box containing TIA pathway gene promoters. The
functional analysis of cross transcription factor interactions were validated using yeast
two-hybrid, protoplast transient assay, bimolecular fluorescence complementation (BiFC)
assay, quantitative RT-PCR, and TIA accumulation in the corresponding transgenic hairy
roots.
The transcriptomic analysis of another master regulator ORCA3 is described in Chapter
four. Previously, it has been demonstrated that the ORCA3 AP2-ERF transcription factor
is able to activate several key TIA biosynthetic pathway enzymes and alter TIA
accumulation in different C. roseus tissue systems (van der Fits et al., 2000; Peebles et
al., 2009; Wang et al., 2010; Pan et al., 2012). However, overexpression of ORCA3
decreased the accumulation of secologanin and did not increase TIA metabolite
accumulation (van der Fits and Memelink, 2000). The transcriptomic analysis of ORCA3
will allow us to elucidate 1) the effect of ORCA3 on recently identified TIA pathway
biosynthetic enzymes and 2) identify potential regulator(s) of TIA biosynthesis using
ORCA3 based co-expression analysis.
In Chapter five, I briefly summarize the discoveries of the preceding chapters and
propose several suggestions of transcriptional regulation of TIA biosynthesis for the
future study.
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Figures and Legends

Figure 1.1 Overview of the terpenoid indole alkaloid (TIA) pathway in Catharanthus
roseus. (Courdavault et al., 2014; De Luca et al., 2014; Duge de Bernonville et al., 2015;
El-Sayed and Verpoorte, 2007; Miettinen et al., 2014). Solid arrows denote identified
single enzymatic step and broken arrows denote the unidentified gene(s) and/or multiple
enzymatic steps. The initial step of TIA synthesis is characterized by the condension of
secologanin and tryptamine which are produced by three upstream pathways:
methylerythritol phosphate (MEP), iridoid, and shikimate pathways, respectively. Capital
letters represent abbreviations for TIA biosynthesis enzymes. Capital letters with
different colors represent different intercellular compartmentations. Red capitals
represent internal phloem associated parenchyma (IPAP); blue capitals represent
epidermis; green capitals represent lacticifers/idioblasts; and black capitals represent the
leaf surface.
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Figure 1.2 The methylerythritol 4-phosphate (MEP) biosynthetic pathway in C.
roseus. (El-Sayed and Verpoorte, 2007; Zhu et al., 2014) Solid arrows denote identified
single enzymatic step. DXS: 1-deoxy-D-xylulose 5-phosphate synthase, DXR: 1-deoxyD-xylulose-5-phosphate reductoisomerase, CMS: 4-diphosphocytidyl-methylerythritol 2phosphate synthase, CMK: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, MECS:
2C-methyl-D-erythritol 2,4-cyclodiphosphate reductase, HDS: 1-hydroxy-2-methyl-2butenyl 4-diphosphate synthase, HDR: 1-hydroxy-2-methyl-butenyl 4-diphosphate
reductase, IDI: isopentenyl diphosphate isomerase, GPPS: geranyl pyrophosphate
synthase.
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Figure 1.3 The iridoid biosynthetic pathway in C. roseus. (El-Sayed and Verpoorte,
2007; Zhu et al., 2014) Solid arrows denote identified single enzymatic step. GES:
geraniol synthase, CPR: cytochrome P450 reductase, G10H: geraniol 10-hydroxylase,
10-HGO: 10-hydroxygeraniol dehydrogenase, IRS: iridoid synthase, IO: iridoid oxidase,
7-DLGT: 7-deoxyloganetic acid glucosyl transferase, 7-DLH: 7-deoxyloganic acid 7hydroxylase, LAMT: loganic acid O-methyltransferase, SLS: secologanin synthase.
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Figure 1.4 The shikimate biosynthetic pathway in C. roseus. (El-Sayed and Verpoorte,
2007; Zhu et al., 2014) Solid arrows denote identified single enzymatic step and broken
arrows denote the unidentified gene(s) and/or multiple enzymatic steps. TDC: tryptophan
decarboxylase, ASα: anthranilate synthase α subunit
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Figure 1.5 TIA biosynthesis initiation followed by branched biosynthetic pathways
to different TIAs in C. roseus. (El-Sayed and Verpoorte, 2007; Zhu et al., 2014) Solid
arrows denote identified single enzymatic step and broken arrows denote the unidentified
gene(s) and/or multiple enzymatic steps. STR: strictosidine synthase, SGD: strictosidine
β-glucosidase.
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Figure 1.6 Vinblastine and vincristine biosynthetic pathway in C. roseus. ((El-Sayed
and Verpoorte, 2007; Qu et al., 2015; Zhu et al., 2014) Solid arrows denote identified
single enzymatic step. T16H: tabersonine 16-hydroxylase, OMT: 16-hydroxytabersonine
O-methyltransferase, T3O: tabersonine 3-oxygenase, T3R: tabersonine 3-reductase,
NMT: 16-hydroxy-2, 3-dihydro-3-hydroxytabersonine N-methyltransferase, D4H:
desacetoxyvindoline-4-hydroxylase,

DAT:

PRX1: peroxidase 1.
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deacetylvindoline

4-O-acetyltransferase,

Figure 1.7 General elicitor induced and JA induced signaling transduction in
Arabidopsis thaliana. (Chini et al., 2009; Chini et al., 2007; Dombrecht et al., 2007;
Farmer and Ryan, 1992; Kazan and Manners, 2008; Kazan and Manners, 2013; Menke et
al., 1999b; Pauwels et al., 2010; Pauwels and Goossens, 2011; Pauwels et al., 2009;
Peebles et al., 2009; Zhang, 2008; Zhang et al., 2011) During biotic stresses, like
herbivore wounding and pathogen infection, an elicitor binds to the receptor on the
plasma membrane of the cell. Then the binding will activate an influx of Ca2+ to increase
Ca2+ concentration into the cell. The increasing Ca2+ concentration further activates the
biosynthesis of the octadecanoid pathway to produce jasmonic acid (JA). After
octadecanoid biosynthesis, JA signal is transduced through protein kinase cascade and
one final protein kinase change the activity of transcription factor(s) which involved in
the regulation of TIA biosynthesis. In Arabidopsis, JIN1/MYC2 acts at the upstream of
transcriptional cascade of JA signaling pathway and is repressed by the SCFCOI1-JAZ
complex (CORONATIVE INSENSITIVE 1 - jasmonate ZIM domain) together with co24

repressor TPL (TOPLESS) and EAR-domain containing protein NINJA (NOVEL
INTERACTOR OF JAZ). In the present of JA, the JA and SCFCOI1-JAZ -dependent
degradation liberates MYC2 from repression and binds to the conserved G-box element
found in target promoters, coordinating a transcriptional cascade that involves other
transcriptional activators and repressors to regulate diverse JA-dependent functions. In
C. roseus, a similar mechanism of CrMYC2 has been proposed.
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Figure 1.8 The TIA biosynthesis transcriptional regulatory network in C. roseus.
(Chatel et al., 2003; Menke et al., 1999a; Menke et al., 1999b; Ouwerkerk and Memelink,
1999; Paul et al., 2017; Pauw et al., 2004; Sibéril et al., 2001; Suttipanta et al., 2011; van
der Fits and Memelink, 2000; van der Fits and Memelink, 2001; van der Fits et al., 2000;
Van Moerkercke et al., 2016; Van Moerkercke et al., 2015; Vom Endt et al., 2007;
Zhang, 2008; Zhang et al., 2011)
(A) In the absent of JA molecule, MYC2 is repressed by binding to JAZ proteins. When
JA is present, the SCFCOI1-JAZ complex will tag JAZ proteins for degradation via the
26S proteasome and correspondingly release MYC2.
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(B) The master regulator ORCA3 is initially expressed via the transactivation through the
binding to the jasmonate-responsive element (JRE) present in it promoter. Within this
JRE, two sequences -quantitative region and qualitative region- have distinct function to
regulate the expression level of ORCA3. Two AT-hook proteins have been demonstrated
to target the quantitative region and have a weak activating effect on ORCA3 expression,
while MYC2 targets to the T/G-box within the qualitative region and transactivates the
reporter gene in a protoplast assay.
(C) The condensation of two precursors for TIA biosynthesis is completed by
strictosidine synthase (STR). Several transcription regulators are known to bind to
different regions of the STR promoter to regulate TIA biosynthesis. Within this promoter,
two elicitor- and jasmonate-responsive sequences are present in the BA region and a
jasmonate- and elicitor responsive element (JERE) occurs in the RV region. Close to the
RV region, a G-box element is located downstream within NR region. Several
APETALA2/ethylene response-factors (AP2/ERF) type transcription factors, including
ORCA2 and ORCA3, act as transcriptional activators by targeting the GCC-box of the
JERE region. ORCA4 and ORCA5 which are physical clustered with ORCA3 also act as
positive activators and presumably bind to the JERE region of the STR promoter. An
elicitor induced MYB-related protein BPF1 binds to the BA region. Three C2H2 type
transcriptional repressors ZCT1/2/3 also bind to the BA region to counteract the activity
of the ORCA proteins. Two G-box binding basic leucine zipper (bZIP) proteins, GBF1
and GBF2, act as transcriptional repressors and specifically bind to the G-box element
which is located within the NR region of the STR promoter.
(D) Tryptophan decarboxylase (TDC) is a key enzyme for the biosynthesis of tryptamine
– one essential precursor for TIA biosynthesis. Similar to the STR promoter, the TDC
promoter is also targeted by various transcriptional activators and repressors. The TDC
promoter contains an elicitor response element and a T/G-box element in the BD region.
AP2/ERF type transcription factors ORCA3 acts as an activator and binds to the T/G-box
for TDC expression. Recently identified AP2/ERF factors ORCA4 and ORCA5 are also
able to activate the TDC promoter by presumably targeting the T/G box of this promoter.
Both GBF1 and GBF2 repressors have a low affinity for the T/G-box in the BD region,
whereas three bZIP type protein ZCTs can repress TDC activity via directly binding
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downstream of the BD region. In addition, one WRKY type transcription factor
CrWRKY1 binds to W-box elements located in the upstream region of the TDC
promoter.
(E) Two basic Helix Loop Helix (bHLH) type TF BIS1 and BIS2 transactivate the
expression of the first seven enzymatic steps of the iridoid pathway (from GES to 7DLH) to produce loganic acid by presumably binding to the G-box like containing
promoters of these enzymes.
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CHAPTER TWO
Characterization of the diverse roles of CrMYC2 transcription factor in
Catharanthus roseus hairy roots using RNA sequencing

Abstract
Jasmonates (JAs) are signaling molecules with essential roles in regulating plant
development, various defence responses, and plant specialized metabolite biosynthesis.
In the JA signaling pathway, the Catharanthus roseus basic helix-loop-helix (bHLH) type
transcription factor CrMYC2 regulates terpenoid indole alkaloid (TIA) biosynthesis by
activating downstream TIA biosynthetic activators. Phylogenetic analysis and orthologue
comparison with different MYC2 orthologues from other species indicates CrMYC2
might regulate diverse aspects of plant growth and development and, importantly, TIA
biosynthesis in C. roseus. To further our understanding this multifaceted function of
CrMYC2 in C. roseus, I conducted RNA sequencing (RNA-seq) to compare global
transcriptomic change in response to overexpression and repression of CrMYC2 by
generating transgenic C. roseus hairy roots. Differential expression analysis revealed that
1536 genes are upregulated and 1289 genes are downregulated by overexpression
CrMYC2, while 814 genes are upregulated and 556 genes are downregulated by
repression of CrMYC2. KEGG pathway enrichment analysis indicated that most of the
differential expressed genes were involved in the biosynthesis of plant hormones,
phenylpropanoids, terpenoids, steroids, secondary metabolites, transport, catabolism, and
photosynthesis. The expression level of several TIA biosynthetic pathway genes were
significantly decreased, while TIA biosynthesis transcriptional repressors were
significantly up-regulated by CrMYC2-overexpression, indicating TIA biosynthesis is an
elaborate

regulatory

network

fine-tuned

transcriptional activators and repressors.

by

antagonistic

interaction

between

Taken together, our results suggest that

CrMYC2 has a multifaceted role in regulating phytohormone crosstalk and plant
specialized metabolite biosynthesis and overexpression CrMYC2 alone is not sufficient
to boost TIA biosynthesis in Catharanthus hairy roots. My transcriptomic data will help
identifying novel pathway enzyme and/or transcriptional regulator of TIA biosynthesis
pathway in the future.
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Introduction
Plants show high plasticity and flexible ability to adapt to ever-changing environments.
In response to various abiotic and biotic stresses, plant hormones play essential roles in
integrating environmental perceptions into diverse endogenous regulatory signaling
pathways to shape plant growth and development (Kazan and Manners, 2013). Jasmonic
acid and its methyl ester, methyl jasmonate (MeJA), act as one of the key signaling
molecules to reprogramming extensive gene expressions to defend against pests and
pathogens as well as to induce the biosynthesis of hundreds specialized metabolites
(Pauwels et al., 2009; Hartmann, 2007).

Upon response to JA induction, distinct

metabolic biosynthetic pathways are activated, resulting in the production of different
classes of plant specialized metabolites, such as phenylpropanoids, alkaloids and
terpenoids (Pauwel et al., 2009). In fact, the biosynthesis of distinct metabolites in
different plant species is the consequence of the ecological interactions between plant
evolution and environmental change (Pichersky and Taguso, 2016). Among these JA
inducible specialized metabolite classes, terpenoid indole alkaloids (TIAs) represent a
specialized bioactive metabolite subclass which are exclusively produced in a limited
number of plant species in the Apocynaceae, Loganiaceae and Rubiaceae families (De
Luca et al., 2014; Memelink and Gantet 2007). Many of these TIA compounds have
pharmaceutical properties and are thus a benefit to humans. For instance, Catharanthus
roseus (Apocynaceae family) is a unique source for producing two anticancer compounds
vinblastine and vincristine via the TIA biosynthetic pathway (Duge de Bernonville et al.,
2015).
As mentioned above, JA signaling response is a complex regulatory network that
integrates and coordinates plant growth, development and defense responses in planta.
Thus, a question arises: how is JA induced transcriptional reprogramming achieved? One
plausible explanation could be the crosstalk with other hormones already present in a
given cell or tissue to minimize energy cost and response to a particular stress stimulus
(Kazan and Manners, 2008; Pauwel et al., 2009). The TIA biosynthetic pathway is one
of the JA inducible pathways in Catharanthus. Most of the TIA pathway enzymes are JA
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responsive, positively or negatively, and controled by a highly elaborate transcriptional
regulatory network (Memelink and Gantet, 2007; Zhou et al., 2016).
In Arabidopsis, extensive studies demonstrated that the JA transcriptional regulation is
achieved by a transcriptional cascade and involves diverse transcriptional activators and
repressors.

In the absence of JA, JA responses are repressed by the SCFCOI1-JAZ

complex (CORONATIVE INSENSITIVE 1 - JASMONATE ZIM DOMAIN) together
with co-repressors, such as TPL (TOPLESS) or TRPs (TPL-related proteins) and EARdomain containing protein NINJA (NOVEL INTERACTOR OF JAZ). The JAZ
mediated repression of JA-induced transcription is most likely to change the chromatin
state result in excluding JA-response TFs from binding to their targets (Pauwels and
Goossens, 2011; Kazan and Manners, 2012). Accumulating evidences demonstrates that
a number of basic-Helix-Loop-Helix (bHLH) TFs show high affinity to these JAZ
repressors. Among these bHLH TFs, AtMYC2 has been recently identified as a master
regulator to regulate multifaceted JA induced responses in Arabidopsis (Kazan and
Manners, 2012 and 2013). In the present of JA, the binding of JA to SCFCOI1-JAZ coreceptor complexes leads to the degradation of JAZ repressors by 26S proteasome and
then liberates AtMYC2 from repression. AtMYC2 is now free to bind to the conserved
G-box element found in the targeted promoters and coordinate a transcriptional cascade
to regulate diverse JA-dependent functions (Figure 1.7; Chini et al., 2007; Chini et al.,
2009; Pauwels and Goossens, 2011; Pauwels et al., 2010; Kazan and Manners, 2013;
Dombrecht et al., 2007).
AtMYC2 functions at the top of a transcriptional cascade of JA signaling and acts as a
hub to regulate multifaceted JA induced responses in plant growth, development and
plant specialized metabolism, such as root growth inhibition (Niu et al., 2011; FernandezCalvo et al., 2011; Cheng et al., 2011), glucosinolate biosynthesis (Schweizer et al.,
2013), hook formation (Song et al., 2014; Zhang et al., 2014), insect defense and
pathogen resistance (Fernandez-Calvo et al., 2011). Moreover, to fine-tune its own
regulatory function, AtMYC2 requires other interacting proteins or co-regulators.
AtMYC2 heterodimerizes with ether bHLH- or MYB-type TFs to coordinate target gene
expression (Dombrecht et al., 2007; Abe et al., 2003). In addition, AtMYC2 also plays a
key role in crosstalk between JA signaling pathway and other phytohormone signaling
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pathways by interacting with other transcription factor families directly and indirectly
(Dombrecht et al., 2007; reviewed by Kazan and Manners, 2013).
In C. roseus, a similar JA signaling transcriptional cascade has been proposed (Zhang,
2008). In addition to JA molecules, the TIA biosynthesis pathway is also coordinately
regulated by other phytohormones (Yahia et al., 1998). In the transcriptional cascade, an
orthologue of AtMYC2, named CrMYC2, was identified in C. roseus (Pré et al., 2000).
In vitro experiments demonstrated that CrMYC2 regulates ORCA gene expression and
RNAi mediated suppression of CrMYC2 decreases TIA accumulation in suspension cell
(Zhang et al., 2011). Sharing high sequence similarity with AtMYC2, it is reasonable to
predict that CrMYC2 might play a key role in JA induced transcriptional reprogramming
in C. roseus (Figure 2.2). Specifically, CrMYC2 might also play a regulatory role in
plant specialized metabolite biosynthesis in C. roseus. In this section, I investigated the
global transcriptomic change in response to up- or down-regulation of CrMYC2 by
ectopically expressing either an activating or a repressive (SRDX) form of CrMYC2 in
transgenic Catharanthus hairy roots. Compared to empty vector (EV) control hairy roots,
differential expression analysis revealed that 1536 genes were upregulated and 1289
genes were downregulated by overexpression CrMYC2, while 814 genes were
upregulated and 556 genes were downregulated by repression CrMYC2. KEGG pathway
enrichment analysis indicated that most of these differentially expressed genes were
involved in the biosynthesis of plant hormones, phenylpropanoids, terpenoids, and
steroids, and the biosynthesis of secondary metabolites, transport, catabolism, and
photosynthesis process. Furthermore, my results also revealed that CrMYC2 coexpressed
with other TF protein families to potentially diversify its own regulatory functions, such
as A20-like, AP2-EREBP, ARF, AS2-LOB, AUX-IAA, bHLH, C2H2, MYB-HB-like,
bZIP. Finally, the expression level of several TIA biosynthetic pathway genes were
significantly decreased, while several TIA transcriptional repressors are significantly upregulated in CrMYC2 overexpression condition, indicating TIA biosynthesis is an
elaborate regulatory network and is fine-tuned by antagonistic interactions between
transcriptional activators and repressors.

Taken together, our results suggested that

CrMYC2 plays a multifaceted role in integrating different phytohormone crosstalk and
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plant specialized metabolite biosynthesis and overexpression CrMYC2 alone is not
sufficient to boost TIA biosynthesis in hairy roots.

Materials and methods
Plant materials, isolation of full-length cDNA clone
Catharanthus roseus cv. ‘Little Bright Eyes’ (NE Seed Commercial & Garden) seeds
were surface sterilized and germinated on half-strength Murashige and Skoog (MS) basal
medium in dark at 28°C for 48 hours. Germinated seeds were transferred and grown at
ambient temperature under a 24 h light photoperiod in a tissue culture room. Two-weekold seedlings were used for total RNA isolation. Total RNA was isolated by using an
RNeasy Plant Mini Kit following the user’s manual (Qiagen, USA). The full-length
cDNA of CrMYC2 gene (Genbank No.: AF283507) was amplified using first-strand
cDNA synthesized from MeJA-induced seedling RNA by gene-specific primers with
suitable enzyme restriction sites (CrMYC2-Xho I F and CrMYC2-Xba I R) (Table 2.4)
and cloned into the pGEM-T Easy vector (Promega, USA) which was confirmed by
sequencing.

Plasmid construction and hairy root transformation
The full-length cDNA of CrMYC2 PCR product was digested with Xho I and Xba I and
cloned into the plant transformation vector pKYLX71 under the control of the CaMV
35S promoter and the rbcS terminator (Schardl et al., 1987). The sequence encoding the
SRDX repressor domain (LDLELRLGFA) was fused to the C-terminal end of CrMYC2
(Hiratsu et al., 2003). The plasmids were mobilized into Agrobacterium rhizogenes
R1000 strain by the freeze-thaw method. Hairy root transformation with A. rhizogenes
was conducted as previously described (Choi et al., 2004; Suttipanta et al., 2011).
Briefly, the roots of two-week-old seedlings were removed by scalpel and immersed in
agrobacterium suspension for 45 min. Then the explants were cultivated on half- strength
MS medium and kept at 28°C in dark for 2 days. After that, the explants were rinsed
with half-strength MS basal solution containing 800 mg/L cefotaxime and transferred to
half-strength MS basal medium containing 400 mg/L cefotaxime. The newly generated
roots usually protrude at cut area of the explants within three weeks. The resulting root
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tips were cut and selected on one-third-strength Schenk and Hilderbrandt (SH) basal
medium (Phytotechnology Laboratories) containing kanamycin (100 mg/L) and
cefotaxime (400 mg/L). The culture medium (1 L) contained 1.07 g of SH salts and
0.112 g of B5 vitamins (Phytotechnology Laboratories), 30 g of sucrose, 10 g of select
agar (Invitrogen). All root tips were grown under sterile tissue culture conditions. The
actively growing hairy root lines were selected and cultured in sterile liquid one-third
strength SH medium culture flask on a shaker at 30 rpm in the dark at room temperature.
After two weeks, actively growing hairy roots were collected, immediately frozen in
liquid nitrogen, and stored in -80ºC for metabolite measurement and gene expression
analyses.

RNA extraction, cDNA synthesis and quantitative RT-PCR
To compare transcriptomic differences of the TIA biosynthetic pathway between
CrMYC2 overexpression (CrMYC2-OX) / CrMYC2 repression (MYC2-SRDX) and
Empty Vector (EV) control lines, two actively growing Catharanthus hairy roots lines
expressing CrMYC2-OX, CrMYC2-SRDX or the EV control each were selected
individually for RNA isolation. Total RNA was isolated by using the RNeasy Plant Mini
Kit (Qiagen, USA).

RNA quantity was determined by NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, USA). 2ug RNA was used for DNase I
digestion. Synthesis of first strand cDNA was conduct using Superscript II Reverse
Transcriptase (Invitrogen, USA) with a total volume of 20 μL (Suttipanta et al., 2007).
The comparative threshold cycle method was used to measure the transcript levels. All
primers used for qRT-PCR were listed in Table 2.4. The C. roseus 40S Ribosomal
Protein S9 (RPS9) gene was used as an internal control. All PCRs were conducted in
triplicates and error bars represent ± S.D. (standard deviation) of three replicates.
Significant difference between two different transgenic lines were determined at P<0.05
and <0.01 by Student’s T-test, and are indicated by * and **, respectively.

Transgenic status analysis
To verify the transgenic status of CrMYC2-OX, CrMYC2-SRDX and EV control lines,
the gene-specific primer pairs based on Ri T-DNA and pKYLX71 plasmids were used to
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amplify the rol B, rol C, vir C, and kanamycin (npt II) genes (Figure 2.4). The Ri TDNA containing root locus gene rol B and rol C has the ability for hairy root formation
(Choi et al., 2004). For each individual gene, 1 μL of cDNA of each independent line
was used in the PCR reaction with appropriately primer pairs to detect the corresponding
transcripts. The PCR reaction was performed in a total volume of 20 μL using GoTaq
green master mix (Promega, USA) for 30 cycles (94 °C for 30s, 55 °C for 30 s, 72 °C for
1.5 min). PCR products were analyzed on a 1% ethidium bromide-stained agarose gel.

RNA sequencing library preparation and illumina sequencing
Construction of RNA sequencing libraries were conducted with 2µg of total RNA
following previously reported protocol (Hunt, 2015). There are three main steps for
RNA-seq library preparation: RNA preparation, cDNA synthesis, and PCR amplification.
Initially, the quality of the RNA samples was assessed with Agilent 2100 Bioanalyzer
(Agilent Technologies, Germany). RNA samples with RNA integrity number (RIN)
larger than 8 were selected for RNA library preparation. Then the total RNA was poly
(A) enriched by oligo (dT) beads (NEB, USA) and fragmented by heat digestion method.
For cDNA synthesis, the primers consisting of Illumina specific sequence, unique
barcodes and random hexamer at the 3’ end were used to reverse transcription. Then a
strand switching primer with Illumina sequencing adaptor was used to add the second
Illumina sequencing adaptor to the cDNA (Clontech, USA). After that, cDNA
purification was performed by using two rounds of AMPure selection (Beckman
Coulters, USA).

The purified cDNA was used for polymerase chain reaction

amplification and the subsequent products were subjected to gel purification and size
selection (400-500bp). The gel-purified samples were amplified again and followed by
one additional round of AMPure purification. The quality of RNA-seq libraries were
evaluated by Agilent high-sensitivity DNA chips (Agilent Technologies, Germany) and
quantified by the Qubit fluorometer with Qubit dsDNA HS assay kit (Life Technologies,
USA). Equal amount libraries were pooled and sequenced using Illumina Hiseq 2500
platforms. Deep sequencing was performed on triplicates for each treatment for a 50
cycle single end run. The data quality was checked at the Sequencing and Genotyping
Center at the Delaware Biotechnology Institute at the University of Delaware and
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sequencing reads were provided as in FASTq format.

Demultiplexed, adapter and

barcode sequences trimming were performed on the CLC Genomics Workbench version
8.0 (CLC bio., 2015) following the user’s manual.

Differential gene expression, functional annotation and transcription factor
identification
Reads were mapped to a Catharanthus annotated transcriptome available from Medicinal
Plant Genomics Resources (Kellner et al., 2015). The estimation of the abundance
RPKM (Reads Per Kilobase of transcript per Million mapped reads) were conducted
using the CLC Genomics Workbench version 8.0 (CLC bio., 2015).

The mapping

parameters were set as default and at least 80% of the bases were required to align to the
reference. The differential expression genes (DEGs) were identified by edgeR software
(Robinson and Smyth, 2008) with the two following standards: log2 fold-change ≥1 and a
cutoff of false discovery rate (FDR) ≤ 0.05. Transcript sequences from the annotated
Catharanthus transcriptome database were blast with Arabidopsis thaliana peptide
sequences using BLASTX (cutoff e-value ≤ 1e-10). Sequences of A. thaliana were
downloaded from RefSeq (http://www.ncbi.nlm.nih.gov/refseq). The BLAST result of
Arabidopsis orthologues was uploaded to DAVID Bioinformatic Resources 6.7
(https://david.ncifcrf.gov/) (Huang et al., 2009a, b) for gene ontology (GO) and
enrichment analysis. To identify potential CrMYC2 regulated transcription factors, a
FASTA file of Catharanthus transcripts of all DEGs were submitted to PlantTFcat server
(Dai et al., 2013) to identify and classify these potential transcription factors (cutoff evalue ≤ 1e-04).

Results
Expression pattern of CrMYC2 in Catharanthus seedlings
In Arabidopsis, extensive studies have demonstrated that AtMYC2 transcription factor
plays a multifaceted role in JA signaling pathway.

Furthermore, AtMYC2 also

functionally overlapped with other bHLH transcription factors AtMYC3 and AtMYC4 in
regulating plant growth and development (Fernández-Calvo et al., 2011; Schweizer et al.,
2013). Although targeting to similar cis-elements (G-box and its variants), the tissue
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specific expression of these MYC TFs in planta indicates their distinct functions in JA
signaling pathway. To initially characterize the function of CrMYC2 in Catharanthus, I
firstly aligned the amino acid sequences of selected MYC2 orthologues from different
plant species and analyzed the phylogentical relationships among them (Figure 2.1). The
results indicated CrMYC2 showed high similarity with other MYC2 orthologues and was
phylogenetically clustered with CcMYC2 in Coffea canephora.

In addition, I also

analyzed the expression pattern of CrMYC2 in JA treated two-week-old seedlings using
qRT-PCR. CrMYC2 expression was detected in all tissues of the leaves, hypocotyls, and
roots. However, CrMYC2 was preferentially expressed in root tissue and relatively low
expression levels were detected in the aerial parts of young seedlings (Figure 2.2),
suggesting root tissue is a suitable platform to study the function of CrMYC2 in
Catharanthus. Indeed, this result is in consistent with AtMYC2 expression pattern in
Arabidopsis (Fernandez-Calvo et al., 2011).

RNA sequencing and differential expression analysis in CrMYC2-OX and
CrMYC2-SRDX hairy roots
To gain further insight into potential functions of CrMYC2 TF in JA signaling pathway,
several transgenic hairy root lines which ectopically expressing a dominant (CrMYC2OX) and a repressive (CrMYC2-SRDX) form of CrMYC2 and EV control were
generated (Figure 2.3). The presence of both pKYLX71 and Ri plasmid T-DNAs in each
independent CrMYC2 overexpression, repression and EV control hairy root line was
verified by PCR using gene-specific primers (Figure 2.4). Two individual CrMYC2
highly expressed transgenic lines of each construct were chosen for RNA extraction
followed by RNA-seq analysis (Figure 2.4). For each transgenic hairy root line, three
replicate sequencing libraries with distinct barcodes were constructed.

Then equal

amount of each six libraries from the same construct were mixed as one sequencing
sample for RNA sequencing. After quality control, the generated total read numbers of
each three samples (EV, CrMYC2-OX and CrMYC2-SRDX) were 87,310,335,
129,946,132 and 103,769,803, respectively (Table 2.5).

After demultiplexing and

trimming of barcode nucleotides, each replicate (EV, CrMYC2-OX, and CrMYC2SRDX) was represented by an average of more than 15 million reads (average length is
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45 nts) (Table 2.6) and an average of more than 45% of the total reads were successfully
mapped to Catharanthus annotated transcriptome (Table 2.7).
To evaluate the consistency among each three replicates, we chose the top 2000 highest
RPKM value genes to conduct heat map and correlation analysis. The heat map showed
that the expression pattern within each of the three replicates were similar and the
average correlation coefficient was > 0.9, whereas a distinct expression pattern was
shown between different transgenic lines (Figure 2.5; Table 2.1), indicating that the
expression level of CrMYC2 significantly change the transcriptomic status in C. roseus
hairy roots. Furthermore, differential expression analysis identified that there were 2825
(1536 upregulated and 1289 downregulated), 1370 (814 upregulated and 556
downregulated) differentially expressed genes (DEGs) in CrMYC2-OX and CrMYC2SRDX transcriptome datasets, respectively (Figure 2.6A and 2.6B). The numbers of
upregulated genes were significantly higher in both conditions compared to
downregulated genes. Moreover, the numbers of DEGs in CrMYC2-OX were more than
two fold higher than the corresponding DEGs in CrMYC2-SRDX, indicating the
regulatory effect of CrMYC2 in JA signaling pathway, in most case, is achieved by
positively regulation on diverse endogenous gene expression reprogramming to shape
plant growth and development in Catharanthus.
We then compared the overlapping of DEGs between CrMYC2-OX and CrMYC2-SRDX
samples.

The Venn diagram showed that 613 DEGs were overlapped to the two

conditions (Figure 2.6C). The overlap percetage between CrMYC2-OX and CrMYC2SRDX is different to each corresponding DEG set (22% for CrMYC2-OX and 45% for
CrMYC2-SRDX).

To gain further insight into CrMYC2 function, we compared

CrMYC2-OX upregulated DEGs with CrMYC2-SRDX downregulated DEGs to identify
potential CrMYC2 positively regulated target(s). The Venn diagram showed that only 46
DEGs were putatively directly regulated by MYC2 expression (Figure 2.6D). Similar
comparison also showed that only 63 DEGs in common which were negatively regulated
by CrMYC2 (Figure 2.6E). A large proportion of DEGs were unique to each individual
condition indicated that the essential role of CrMYC2 affecting global transcriptomic
change was mainly due to indirect regulation and also explained the reason how this TF’s
multifaceted function is achieved. In line with this observation, AtMYC2, acting as a
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regulatory hub, is not only indirectly involved in the crosstalk between JA signaling
pathway and other phytohormones such as auxin (IAA), abscisic acid (ABA), salicylic
acid (SA), gibberellins (GAs), but also involved in JA regulated plant development in
Arabidopsis, such as lateral root development and flowering time.

Extensive transcriptional reprogramming in both CrMYC2-OX and CrMYC2SRDX transgenic hairy root lines
To further pinpoint the function of CrMYC2 TF in JA induced gene expression
reprogramming, we performed hierarchical cluster analysis to classify different
expression patters of the DEGs in response to CrMYC2 overexpression and repression,
respectively. The overlapping 613 DEGs in two CrMYC2 conditions were used to
identify coexpression gene clusters.

The cluster analysis generated 6 distinct

coexpression clusters (Figure 2.7). Cluster 1 (n = 90) included the genes with low
expression in control but high expression in CrMYC2-OX and CrMYC2-SRDX
condition, which are mainly functional annotated in photosynthetic processes.

For

example, a tetratricopeptide repeat (TPR)-like superfamily protein with homology to
AtRBCS1A (AT5G20190). RBCS1A and RBCS3B, as two members within the RBCS
multigene family, worked additively to yield sufficient Rubisco content of leaf
photosynthetic capacity in Arabidopsis. Rubisco contents were highly correlated to total
RBCS mRNA levels in the plant, and double mutant rbcs1a3b-1 display more reduced
rubisco contents and CO2 assimilation rate than single mutant rbcs2a-1 and rbcs3b-1
(Izumi et al., 2012). This cluster also included a gene which homologue to a member of
copper transporter family, ATCOPT5, encoded by AT5G20650 in Arabidopsis.
ATCOPT5 is not only important for allocating copper in different organs of the plant, but
also acts as vesicles for plant responsive to copper deficiency. In addition, copt5 mutant
exhibits altered copper contents in different organs and defects in chlorophyll content and
impairment in the photosynthetic electron transfer (Klaumann et al., 2011; Garcia-Molina
et al., 2011). The DEGs involved in cluster 2 (n = 63) and cluster 4 (n = 46), showing
approximately opposite expression pattern, were negatively and positively regulated by
CrMYC2 expression, respectively (Figure 2.6D and 2.6E; Figure 2.7). Expression of
cluster 2 genes were repressed in CrMYC2 overexpression, whereas are significantly
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increased in CrMYC2-SRDX condition, indicating the biological processes these genes
are involved in are negatively regulated by CrMYC2. Further analysis showed that these
genes are mainly involved in plant developmental processes, such as cell wall
macromolecule metabolic process, xylan catabolic process, polysaccharide catabolic
process, acetyl-CoA biosynthetic process, xylan metabolic process, hemicellulose
metabolic process, and cell wall polysaccharide metabolic process. In comparison, DEGs
included in cluster 4 are mainly responsive to abiotic stimulus, endogenous stimulus, and
hormone stimulus. The molecular functions of some orthologues of them are identified
in Arabidopsis, such as blue copper binding protein (BCB), 3-ketoacyl-coA synthse 1
(KCS1), auxin response factor 6 (ARF6), responsive to desiccation 22 (RD22), and phyb
activation tagged suppressor 1 (BAS1). In cluster 3 (n = 87) and cluster 5 (n = 59),
DEGs represent high expression in both CrMYC2 overexpression and CrMYC2-SRDX
(or higher expressed in CrMYC2-SRDX) conditions. Basically, these genes included
different types of transcription factor family, which are functional in DNA binding
process to regulate the expression of downstream genes for cell development and
function. For example, SOLITARY ROOT (SLR/IAA14) as a member of the Aux/IAA
protein family, plays a key role in auxin regulated lateral root development. Mutation of
this gene in planta (slr mutant) completely lacked a lateral root phenotype and was
defective in hair root formation and gravitropic response (Fukaki et al., 2002). Another
example is a R2R3-MYB type transcription factor, production of flavonol glycoside 1
(PFG1/MYB12), which as a flavonol-specific activator that targets several enzymes of
flavonoid biosynthesis to increase flavonol content in the plant (Mehrtens et al., 2005).
Multiprotein bridging factor 1C (MBF1C) encoding multiprotein bridging factor 1, which
acts as a bridging factor between different transcription regulators responsive to various
biotic and abiotic stresses in Arabidopsis and Triticum aestivum (Qin et al., 2015; Suzuki
et al., 2011; Kim et al., 2007). In cluster 6, the DEGs included here (n = 264) are
expressed lower both in CrMYC2-OX and CrMYC2-SRDX than EV control. Genes
included in this cluster are involved in diverse biological processes, such as abiotic
stimulus, photosynthesis, secondary metabolite biosynthesis, polysaccharide metabolic
biosynthesis, etc. This broader scope of function illustrated in this cluster was partially
overlapped with other five clusters mentioned above, indicating the important role of
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CrMYC2 in regulating diverse specialized metabolite biosynthetic pathways.

Taken

together, our results demonstrated that CrMYC2, acting as a master regulator, is function
in diverse aspects of plant growth, development and plant specialized metabolite
biosynthesis in Catharanthus.

Gene ontology and KEGG pathway enrichment analysis of DEGs
To further characterize the DEGs identified in CrMYC2-OX and CrMYC2-SRDX
conditions, we identified all Arabidopsis orthologues of these DEGs.

Then the

Arabidopsis orthologues were used for GO enrichment analysis by using DAVID
Bioinformatic analysis. The GO cellular components analysis showed the DEGs of both
CrMYC2-OX and CrMYC2-SRDX are mainly functional in same subcellular
compartments, such as intrinsic to membrane, plastid, chloroplast, integral to membrane,
plasma membrane, etc (Figure 2.8 and 2.9; Table 2.2 and Table 2.3). Compared with
EV control, the DEGs in CrMYC2-OX line displayed a higher representation of genes
associated with various secondary metabolite biosynthesis pathways, such as biosynthesis
of plant hormones, biosynthesis of phenylpropanoids, biosynthesis of alkaloids derived
from shikimate pathway, biosynthesis of terpenoids and steroids, biosynthesis of
alkaloids derived from terpenoid and polyketide, biosynthesis of alkaloids derived from
histidine and purine, biosynthesis of alkaloids derived from ornithine, lysine and nicotinic
acid, biosynthesis of phenylalanine, tyrosine and tryptophan biosynthesis and tyrosine
metabolism (Table 2.2). The GO biological process analysis showed these DEGs are
involved in mainly responses to abiotic stimulus, oxidation reduction, inorganic/organic
substance, endogenous stimulus, hormone stimulus, and intracellular signaling cascades
(Figure 2.8). The GO molecular functions of these DEGs are functional in ion binding,
cation binding, metal ion binding (Figure 2.8). Different from CrMYC2-OX, the DEGs
of CrMYC2-SRDX are enriched in different photosynthetic related pathways, such as
secondary metabolites

biosynthesis,

transport,

and

catabolism,

photosynthesis,

carbohydrate transport and metabolism/signal transduction mechanisms, carbon fixation
in photosynthetic organisms, cell envelope biogenesis, outer membrane/carbohydrate
transport and metabolism, energy production and conversion (Table 2.3). Similarly, the
GO molecular function analysis showed these DEGs are also responsive to abiotic
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stimulus, oxidation reduction, inorganic/organic substance, endogenous stimulus,
hormone stimulus, ion transport, light stimulus and secondary metabolic process (Figure
2.9). The GO molecular functions of these DEGs are functional in iron ion binding,
electron carrier activity, tetrapyrrole binding, cofactor binding, ATPase activity, heme
binding, and ATPase activity (Figure 2.9).

CrMYC2 induced phytohormone crosstalk and identification of transcription
factors regulated by CrMYC2
To integrate JA signaling pathway with other phytohormone signaling pathways,
AtMYC2 is also able to interact with other type of transcriptional regulators to coordinate
plant growth and development in Arabidopsis. Therefore, I also identified the potential
transcription factor families which CrMYC2 might positively or negatively regulate. To
identify potential transcription factor encoding sequences, a FASTA file containing all
Catharanthus DEGs from both CrMYC2-OX and CrMYC2-SRDX differential
expression analysis were submitted to PlantTFcat server (Dai et al., 2013). The results
indicated the potential transcription factors which were positively or negatively regulated
by CrMYC2 in planta. This transcription factor set from the DEGs containing putative
members of 55 transcription factor families. The mostly highly represented transcription
factor families which were regulated by CrMYC2 were A20-like, AP2-EREBP, ARF,
AS2-LOB, AUX-IAA, bHLH, C2H2, MYB-HB-like, bZIP (Figure 2.10 and Figure
2.11). Additionally, KEGG pathway enrichment analysis also indentified that
overexpression of CrMYC2 differentiate the various gene expression of differnet
phytohormonal signaling transduction processes (Figure 2.12)

Expression profiling of key TIA biosynthetic genes and transcriptional regulators in
CrMYC2-OX and CrMYC2-SRDX lines
In TIA biosynthesis, CrMYC2 has been demonstrated binding to and transactivating the
T/G-box in the JERE region of ORCA3 promoter by in vitro binding assays (Zhang et al.,
2011). Moreover, RNAi mediated suppression of CrMYC2 strongly reduced the TIA
accumulations in cell suspension (Zhang et al., 2011). However, the potential effect of
CrMYC2 on other TIA regulators and the genes of iridoid pathway and indole pathway
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are still not well understood. To address this question, we performed a coexpression
analysis using our CrMYC2-OX and CrMYC2-SRDX transcriptome data. As shown in
the heatmap, most of TIA pathway genes, such as ASα, TDC, STR, G10H and
transcriptional activators (ORCA3, BPF1, ORCA4 and ORCA5) were down-regulated in
CrMYC2-OX condition, suggesting that TIA biosynthesis has been inhibited by
overexpression CrMYC2 in hairy root (Figure 2.13). In contrast, the expression pattern
of TIA transcriptional repressors, like ZCT1, ZCT2, ZCT3, CrGBF1 and CrGBF2 are
significantly upregulated, indicating the antagonistic interaction between CrMYC2 and
these repressors might play an important role in counterbalancing the dynamic of TIA
biosynthesis in vivo (Figure 2.13). In CrMYC2-SRDX condition, the expression profile
is different, the TIA initiation pathway enzyme such as SGD, 7-DLH, and vindoline
pathway genes D4H, OMT, T16H were up-regulated. In addition, transcriptional
activator CrWRKY1 was significantly upregulated and three ZCT repressors were
significantly up-regulated, respectively.
Discussion
CrMYC2 preferentially expressed in Catharanthus roseus root tissues
To date, many bHLH type transcription factors have been shown to be involved in JA
signaling response in Arabidopsis (Goossens et al., 2016). AtMYC2 belongs to the
bHLH IIIe subclade which is a positive JA response subclade. Phylogenetically, other
close homologues of AtMYC2 often work together with AtMYC2 to regulate plant
growth and development. For instance, AtMYC2 dimerizes with two close homologues
AtMYC3 and AtMYC4 and worked in a functional redundantly manner to diversify its
regulatory effects (Niu et al. 2011; Fernandez-Calvo et al. 2011; Cheng et al. 2011).
Meanwhile, AtMYC3 and AtMYC4 also exhibit preferential expression patterns in
different tissues in Arabidopsis, suggesting the distinct roles of these AtMYC TFs in the
regulation of plant growth and development. Recently, another AtMYC2 homologue,
AtMYC5, has been identified and function in stamen and pollen development in
Arabidopsis (Figueroa and Browse, 2015). Furthermore, all these bHLH IIIe subclade
TFs have been shown work together in a functionly redundant manner and individually
interact with MYB type TFs to coordinately regulate stamen development in Arabidopsis
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(Qi et al., 2015). In C. roseus, our expression pattern analysis of CrMYC2 in different
JA treated seedling tissues reveals that CrMYC2 preferentially expresses in root tissues,
indicating that it plays a distinct and essential role in regulating root growth and
development, and root specialized metabolite biosynthesis (Figure 2.2). This finding is
consistent with the preferential expression of AtMYC2 in root tissue in Arabidopsis
(Fernández-Calvo et al., 2011).

CrMYC2 triggers extensive transcriptomic reprogramming in Catharanthus roseus
In JA signaling cascade, AtMYC2 has emerged as a regulatory hub and regulates diverse
aspects of JA induced responses (Kazan and Manners, 2013), such as root growth
inhibition (Chen et al., 2011), glucosinolate biosynthesis (Schweizer et al., 2013), apical
hook formation (Song et al., 2014; Zhang et al., 2014), insect defense and pathogen
resistance (Fernandez-Calvo et al. 2011). To identify the potential regulatory effect of
CrMYC2 on JA induced gene expression reprogramming, two CrMYC2-based hairy root
transcriptomes were generated.

As mentioned above, the bHLH IIIe subclade TFs

function additively in diverse JA-dependent responses and display almost identical DNA
binding specificities for the canonical G-box (CACGTG) and its variants (FernándezCalvo et al., 2011). To exclude the possibility of functional redundancy from other MYC
TFs, a SUPERMAN repressive domain X (SRDX) was fused to the C-terminal of
CrMYC2 (Ohta et al., 2001; Hiratsu et al., 2003). Our differential expression analysis
revealed that CrMYC2 indeed involved in JA induced transcriptional reprogramming
(Figure 2.6). More than 2500 differentially expressed genes between CrMYC2-OX and
EV control hair root lines, while more than 1000 differentially expressed genes were
identified between CrMYC2-SRDX and EV hairy root lines. In both conditions, the
signature category of GO classification is that genes response to abiotic stimulus,
suggesting that a crucial role of CrMYC2 in JA induced plant defense responses and its
own functions might be an important mechanism to the control of JA signaling pathway.
Indeed, this result was also in line with the notion that CrMYC2 precisely coordinates
different JA responses for resource management for the adaption to biotic and abiotic
stresses (Anderson et al., 2004; Lorenzo et al., 2004; Kazan and Manners, 2008).
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CrMYC2 function as regulatory hub and connects various biological processes
To characterize the role of CrMYC2 in JA signaling reprogramming and explain why this
single TF can change global transcriptomic status, we also compared different up- and
down-regulated DEG group between CrMYC2-OX and CrMYC2-SRDX conditions and
identified potential transcription factor within two DEG sets. Notably, in Aarabidopsis,
the function of AtMYC2 in JA signaling pathway is acutely diversified by extensive
homo- and hetero-dimerized interactions, such as bHLH type TFs, MYB-type TFs
(Dombrecht et al., 2007; Abe et al., 2003), whereas MYC2 and its binding partners are
maintained at only basal levels under non-JA conditions.

Besides homo- and

heterodimerizing with other of bHLH type TFs, AtMYC2 has also been found to interact
with other types of proteins to not only regulate its own activity and but also to diversify
its function. Based on cross-family TF interactions AtMYC2 appears to be involved in
light-mediated development, circadian clock, its own degradation through the interactions
between AtMYC2 with G-BOX BINDING FACTOR (AtGBF1), circadian-clock
component TIME FOR COFFEE (TIC), and E3 ubiquitin ligase PLANT U-BOX
PROTEIN10 (PUB10), respectively (Maurya et al., 2015; Shin et al., 2012; Jung et al.,
2015). A similar scenario might happened with the CrMYC2 induced transcriptional
reprogramming in Catharanthus.

Although hundreds of DEGs were identified as a

consequence of CrMYC2 overexpression and repression, only a limited number of these
(46 and 63) were potentially directly regulated by CrMYC2 in planta, suggesting the rest
of these DEGs were indirectly regulated by CrMYC2, presumably through interactions
with other proteins or co-regulators to diversify CrMYC2 function (Figure 2.6). Our
findings are consistent with the speculation that CrMYC2 indirectly regulates other gene
expression by coordinating the downstream of JA transcriptional cascade and crosstalk
with other phytohormone signaling pathways and indirectly activating other transcription
factor families, such as bHLH, ARF, ERF TFs (Figure 2.10, Figure 2.11 and Figure
2.12).

AtMYC2 also antagonistically regulates two different branches of the JA signaling
pathway (Lorenzo et al., 2004; Kazan and Manners, 2013). Therefore, this MYC2triggered extensive transcriptional reprogramming would strengthen defense against
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wound and insect responses and increase JA-mediated oxidative stress tolerance and
flavonoid accumulation, whereas leads to reduce pathogen defense responses and Trp and
Trp-derived secondary metabolism (Nickstadt et al. 2004; Anderson et al. 2004; Lorenzo
et al. 2004; Dombrecht et al. 2007). Consistent with this, our GO classification analysis
clearly showed that the most differential expressed genes are involved in many MYC2
positive regulated biological processes, such as abiotic stimulus, oxidation reduction,
endogenous stimulus and response to hormone responses (Figure 2.8 and Figure 2.9).
Based on our data, it is possible to predict and select some potential MYC2 regulated
target gene(s), followed by verifying and investigating their distinct functions in JA
signaling pathway. In particular, for example, it will be useful to identify potential
transcriptional regulator of the TIA biosynthetic pathway in the future.

CrMYC2 integrating JA signaling and other phytohormonal signaling pathways
In Arabidopsis, extensive studies have demonstrated that AtMYC2 acts as a regulatory
hub for integration of different phytohormonal signaling pathways, such as abscisic acid
(ABA), salicylic acid (SA), gibberellin (GA), ethylene (ET), auxin (IAA) to coordinately
and dynamically regulate different environmental stresses.
Understanding the potential role of CrMYC2 TF in the cross talk between JA signaling
and other phytohormonal pathways in C. roseus is essential to elucidate how this species
coordinates responses to different stimuli to balance primary metabolites and stress
responses, especially plant specialized metabolite biosynthesis in planta. Despite most of
currently identified TIA biosynthetic regulators being JA inducible, accumulating
evidences indicate different phytohormomes (such as IAA, ET and GA) also have distinct
effects on activating different branches of the TIA biosynthetic pathway (Yahia et al.,
1998; Vazquez-Flota et al., 2009). Furthermore, TIA biosynthesis also responds in a
context-dependent manner. Each individual hormone class might have different distinct
effects on alkaloid accumulation in different Catharanthus study systems, such as
suspension cell, hairy root and rootless shoot culture (Goddijn et al., 1992; Yahia et al.,
1998; Vazquez-Flota et al., 2009).

For instance, auxin negatively regulates TIA

biosynthesis by reducing the transcript level of tryptophan decarboxylase in C. roseus
suspension cells (Goddijn et al., 1992), while cytokinins positively increase ajmalicine
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accumulation (Yahia et al., 1998). Ethylene has distinct positive effects on the alkaloid
accumulations across different TIA biosynthetic branches in different C. roseus culture
systems (Vazquez-Flota et al., 2009). Additionally, auxin inhibits the TIA biosynthesis
via derepression of the AUX-repressed ARFs, which releases ARF repressor to attenuate
key TIA pathway gene expression (Poutrain et al., 2011).

In response to different

phytohormone inductions, different TIA transcriptional regulator might have different
responses to multiple phytohormone signals.

For example, a WRKY type TF,

CrWRKY1, can be upregulated by JA, ET, and GA induction, resulting in increasing the
expression level of TDC to boost TIA accumulation, suggesting CrWRKY1 TF is a
general phytohormone regulator for TIA biosynthesis (Suttipanta et al., 2011).

In

contrast, a recently identified ethylene response factor (ERF) might only positively
activate the peroxidase 1 (CrPRX1) transcript level for vinblastine accumulation (Wang
et al., 2016). These results provide evidence for the existence of an elaborate regulatory
network controlling the TIA biosynthesis.

Analysis of our CrMYC2 based

transcriptomes supports this notion since CrMYC2 differentially regulates distinct sets of
pathway genes and regulators which are closely involved in other phytohormone
signaling pathways.

In this study, different phytohormonal pathway genes and

transcription factor families were identified which were positively and negatively
regulated by CrMYC2 TF (Figure 2.10, Figure 2.11 and Figure 2.12). For example,
AP2/EREBP (APETALA2/ethylene-responsive element binding protein) type TFs are
responsive to diverse biotic and abiotic stresses and are involve in different hormone
signal pathways such as ABA, ET, CK and JA (Mizoi and Yamaguchi-Shinozaki, 2012;
Licausi et al., 2013). In addition, some genes involved in auxin biosynthesis and IAA
signaling pathway are also differential expressed, such as ANTHRANILATE
SYNTHASE

α

(ASα),

ARFs

(AUXIN

RESPONSE

FACTOR),

AS2-LOB

(ASYMMETRIC LEAVE2-LATERAL ORGAN BOUNDARIES) and Aux/IAA
(Auxin/indole-3-acetic acid), indicating that CrMYC2 might be an indirect regulator or
mediator to regulate both the upstream of TIA biosynthesis pathway and IAA signaling
pathway during root growth and development in C. roseus (Sun et al., 2009). Indeed, JA
and IAA synergistically and antagonistically regulate lateral root growth and adventitious
root growth in Arabidopsis (Zhu et al., 2006; Gutierrez et al., 2012).
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In summary, in this study I identify diverse functions for CrMYC2 in the JA signaling
pathway in Cathranthus roseus. My result revealed the essential role of CrMYC2 in
conducting the JA induced transcriptional reprogramming in planta. I have also provided
evidence how the multifaceted role of CrMYC2 is achieved and that it acts as a
regulatory hub to connect the cross talk between the JA and other phytohormone
pathways. Toward this end, I also identified the potential regulator(s) controlling the TIA
biosynthetic pathway with are co-regulated by the JA signal pathway and other
phytohormone pathways.
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Tables
Table 2.1 The correlation coefficient of top 2000 RPKM value genes among three
technical replicates of each selected transgenic lines
Control-1 Control-2
Control-3
ControlNormalized
Control-1

1

0.95

0.92

0.97

1

0.97

0.99

1

0.98

Control-2
Control-3
Control-

1

Normalized

MYC2-OX-1

CrMYC2-

CrMYC2-

CrMYC2-

CrMYC2-

OX-1

OX-2

OX-3

OX-Normalized

1

0.88

0.99

0.99

1

0.83

0.90

1

0.98

MYC2-OX-2
MYC2-OX-3
MYC2-OX-

1

Normalized
CrMYC2-

CrMYC2-

CrMYC2-

CrMYC2-

SRDX-1

SRDX-2

SRDX-3

SRDXNormalized

MYC2-SRDX-1

1

MYC2-SRDX-2
MYC2-SRDX-3
MYC2-SRDX-

0.95

0.94

0.98

1

0.99

0.96

1

0.98
1

Normalized
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Table 2.2 The KEGG pathway enrichment analysis of the DEGs from CrMYC2-OX
versus the control
Pathway
Biosynthesis of plant hormones
Biosynthesis of phenylpropanoids
Biosynthesis of alkaloids derived from shikimate pathway
Biosynthesis of terpenoids and steroids
Biosynthesis of alkaloids derived from terpenoid and
polyketide
Biosynthesis of alkaloids derived from histidine and purine
Biosynthesis of alkaloids derived from ornithine, lysine and
nicotinic acid
Carbon fixation in photosynthetic organisms
Starch and sucrose metabolism
Citrate cycle (TCA cycle)
Energy production and conversion
Alanine, aspartate and glutamate metabolism
Arginine and proline metabolism
Glyoxylate and dicarboxylate metabolism
Phenylalanine, tyrosine and tryptophan biosynthesis
Nitrogen metabolism
Cell envelope biogenesis, outer membrane
Tyrosine metabolism
Selenoamino acid metabolism
Photosynthesis
Sulfur metabolism
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Count
64
47
40
40
37

P-Value
0.000614177
0.026401588
0.00168377
0.011256509
0.001299474

34
33

0.020351722
0.038959095

21
19
16
15
14
13
12
11
11
10
9
8
7
7

0.002995858
0.06608367
0.020583851
0.00405947
0.003193382
0.043287732
0.00324869
0.048614312
0.06517854
0.022808285
0.010855693
0.077877104
0.04245278
0.053637488

Table 2.3 The KEGG pathway enrichment analysis of the DEGs from CrMYC2SRDX versus the control
Pathway
Secondary metabolites biosynthesis, transport, and catabolism
Photosynthesis
Photosynthesis
Carbohydrate transport and metabolism / Signal transduction
mechanisms
Carbon fixation in photosynthetic organisms
Cell envelope biogenesis, outer membrane / Carbohydrate
transport and metabolism
Energy production and conversion
Stilbenoid, diarylheptanoid and gingerol biosynthesis
Alanine, aspartate and glutamate metabolism
Terpenoid backbone biosynthesis
Porphyrin and chlorophyll metabolism
Glucosinolate biosynthesis
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Count
25
19
9
9

P-Value
0.005962
9.90E-08
5.54E-06
0.014713

9 0.073519
8 0.01069
8
8
6
6
5
4

0.067924
0.093258
0.092399
0.092399
0.06441
0.099008

Table 2.4 Primer sequences used for gene cloning and checking transgenic status
Name

5'-3'

rol B F
rol B R
rol C F
rol C R
vir C F
vir C R
nptII-F
nptII-R

CTTATGACAAACTCATAGATAAAAGGTT
TCGTAACTATCCAACTCACATCAC
CAACCTGTTTCCTACTTTGTTAAC
AAACAAGTGACACACTCAGCTTC
GGCTTCGCCAACCAATTTGGAGAT
TTTTGCTCCTTCAAGGGAGGTGCC
ATGGGGATTGAACAAGATGGA
TCAGAAGAACTCGTCAAGAAG
CGCTCGAGATGACGGACTATAGGCTACAAC
ATGTCTAGAATCATACCAAGAGCCTCATCGA
TTTGGCAGTCGTCTGTTGTC
CAAAAGAACTCGCGGAAGAC

CrMYC2-XhoI-F
CrMYC2-XbaI-R
CrMYC2-qPCR-F
CrMYC2-qPCR-R
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Table 2.5 A Basic Quality Control Summary
Filename
File type

Control
Covertional base
calls

MYC2-OX

MYC2-SRDX
Covertional base
Covertional base calls calls

Encoding

Sanger/Illumina 1.9 Sanger/Illumina 1.9

Sanger/Illumina 1.9

Total Sequences
87310335
Sequences flagged as
poor quality
0

129946132

103769803

0

0

Sequence length

51

51

51

%GC

50

51

53

53

Table 2.6 Demultiplex and Trim Summary
Control
Barcode
Name

Barcode

Number
of Reads

Percentage
of reads

Average
Length

Number of Reads
After Trim

Percentage
trimmed

Average Length
After Trim

RT-PE4 A

NCTC

14,378,136

16%

47

14,043,050

97.61%

46.5

RT-PE4 B

NGCT

14,640,557

17%

47

14,640,557

98.04%

46.3

RT-PE4 C

NACT

12,757,839

15%

47

12,629,173

98.99%

46.5

RT-PE4 D

NCTG

14,571,531

17%

47

14,283,856

98.03%

46.2

RT-PE4 E

NTGG

14,659,342

17%

47

14,153,229

96.55%

45.7

RT-PE4 F

NCCG

12,637,407

14%

47

12,084,731

95.63%

46.3

3,485,200

4%

47

Barcode

Number
of Reads

Percentage
of reads

Average
Length

Number of Reads
After Trim

Percentage
trimmed

Average Length
After Trim

RT-PE4 A

NCTC

17,612,758

14%

47

16,610,326

94.31%

46.1

RT-PE4 B

NGCT

24,612,865

19%

47

23,122,207

93.94%

45.3

RT-PE4 C

NACT

24,435,479

19%

47

23,400,577

95.76%

45.7

RT-PE4 D

NCTG

21,527,036

17%

47

19,201,876

89.20%

43.9

RT-PE4 E

NTGG

11,814,337

9%

47

11,472,334

97.11%

45.9

RT-PE4 F

NCCG

17,493,703

13%

47

15,391,004

87.98%

45.4

12,449,954

10%

47

Not Grouped

MYC2-OX
Barcode
Name

Not Grouped
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MYC2-SRDX
Barcode
Name

Barcode

Number
of Reads

Percentage
of reads

Average
Length

Number of Reads
After Trim

Percentage
trimmed

Average Length
After Trim

RT-PE4 A

NCTC

23,684,298

23%

47

17,186,650

72.57%

43.5

RT-PE4 B

NGCT

13,550,872

13%

47

12,365,789

91.25%

45.4

RT-PE4 C

NACT

15,536,938

15%

47

14,721,853

94.75%

45.8

RT-PE4 D

NCTG

16,695,571

16%

47

14,934,013

89.45%

44.3

RT-PE4 E

NTGG

13,178,254

13%

47

12,254,012

92.99%

44.8

RT-PE4 F

NCCG

17,272,674

15%

47

13,357,119

77.33%

44.5

3,851,196

4%

47

Not Grouped
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Table 2.7 Mapping Statistics of Different Transgenic Lines
Control
RT-PET4 A

RT-PET4 B

RT-PET4 C

RT-PET4 D

RT-PET4 E

RT-PET4 F

Counted fragments

6,746,946 (48.04%)

6,582,829 (45.86%)

6,218,929 (49.24%)

7,596,665 (53.18%)

6,879,924 (48.61%)

5,770,006 (47.75%)

Unique fragments

6,523,573 (46.45%)

6,363,720 (44.34%)

6,011,353 (47.06%)

7,362,452 (51.54%

6,659,403 (47.05%)

5,597,935 (46.32%)

223,373 (1.59%)

219,109 (1.53%)

207,576 (1.64%)

234,213 (1.64%)

220,521 (1.56%)

172,053 (1.42%)

Uncounted fragments

7,296,104 (51.96%)

7,770,165 (54.14%)

6,410,244 (50.76%)

6,687,191 (46.82%)

7,273,305 (51.39%)

6,314,725 (52.25%)

Total fragments

14,043,050 (100%)

14,352,994 (100%)

12,629,173 (100%)

14,283,856 (100%)

14,153,229 (100%)

12,084,731 (100%)

RT-PET4 D

RT-PET4 E

RT-PET4 F

Non-specifically

MYC2-OX
RT-PET4 A

RT-PET4 B

RT-PET4 C

Counted fragments

5,884,041 (33.41%)

8,752,757 (35.56%)

10,009,933 (42.78%)

9,032,833 (47.04%)

6,128,662 (53.42%)

7,162,823 (46.54%)

Unique fragments

5,709,911 (32.42%)

8,485,371 (34.48%)

9,681,100 (41.37%)

8,747,102 (45.55%)

5,943,446 (51.81%)

6,946,149 (45.13%)

Non-specifically
Uncounted fragments
Total fragments

174,130 (0.99%)

267,386 (1.09%)

328,833 (1.41%)

285,731 (1.49%)

185,216 (1.61%)

216,674 (1.41%)

11,728,717 (66.59%)

15,860,108 (64.44%)

13,390,644 (57.22%)

10,169,043 (52.96%)

5,343,672 (46.58%)

8,228,181 (53.46%)

17,612,758 (100%)

24,612,865 (100%)

23,400,577 (100%)

19,201,876 (100%)

11,472,334 (100%)

15,391,004 (100%)

RT-PET4 A

RT-PET4 B

RT-PET4 C

MYC2-SRDX

RT-PET4 D

RT-PET4 E

RT-PET4 F

Counted fragments

5,614,139 (32.67%)

5,205,395 (42.10%)

6,302,039 (42.81%)

7,023,275 (47.03%)

6,687,328 (54.57%)

5,368,446 (40.19%)

Unique fragments

5,409,163 (31.47%)

5,033,411 (40.70%)

6,089,295 (41.36%)

6,791,131 (45.47%)

6,483,060 (52.91%)

5,174,189 (38.74%)

204,976 (1.19%)

171,984 (1.39%)

212,744 (1.45%)

232,144 (1.55%)

204,268 (1.67%)

194,257 (1.45%)

11,572,511 (67.33%)

7,160,984 (57.90%)

8,419,814 (13.13%)

7,910,738 (52.97%)

5,566,684 (45.43%)

7,988,673 (59.81%)

17,186,650 (100%)

12,365,789 (100%)

14,721,853 (100%)

14,934,013 (100%)

12,254,012 (100%)

13,357,119 (100%)

Non-specifically
Uncounted fragments
Total fragments
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Figure 2.1 Multiple amino acid sequence alignment and phylogenetic analysis of
selected MYC2 TFs from different species. (A) The deduced amino acid sequence of
MYC2 is aligned with orthologues from C. roseus (CrMYC2), C. canephora (CcMYC2),
N. tabacum (NtMYC1a), N. benthamiana (NbbHLH1 and NbbHLH2), S. lycopersicum
(SlMYC2) and Arabidopsis (AtMYC2). The bHLH signature motif is indicated by red
line. (B) A neighbor-joining phylogenetic tree of CrMYC2 and selected MYC2
orthologues from other plant species constructed using the MEGA6 software. Bootstrap
(1000 replications) analysis was performed to estimate the confidence of the topology of
the consensus tree. Bootstrap support values are show above branches. The MYC2
proteins from different plant species, and GenBank accession numbers are as follows:
CrMYC2, Catharanthus roseus, (AAQ14332); NtMYC2-like, Nicotiana tabacum
(NP_001311866); NtMYC1a, N. tabacum (ADH04267); NtMYC1b, N. tabacum
(ADH04268); NsMYC2-like, N. sylvestris (1XP_009780487); NsMYC2-like, N.
sylvestris (2XP_009800420); ▲ NtMYC2-like, N. tomentosiformis (XP_009609942);
NaMYC2-like 1, N. attenuata (XP_019223753); NaMYC2-like 2, N. attenuata
(AGL98101); NbbHLH1, N. benthamiana (ADH04262); NbbHLH2, N. benthamiana,
(ADH04263); StMYC, Solanum tuberosum, (CAF74710); SlMYC1, S. lycopersicum,
(AIC63945); SlMYC2, S. lycopersicum, (NP_001311412); CcMYC2, Coffea canephora,
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(CDP13028); CsMYC2, Camellia sinensis, (ANB66341); AtMYC2, Arabidopsis
thaliana, (NP_174541); AaMYC2, Artemisia annua, (AKO62850)
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Figure 2.2 The relative expression level of CrMYC2 in different tissues of 2-weeksold Catharanthus seedlings 24 hours after 100μM MeJA treatment.

Relative

expression levels of target genes were normalized based on the expression level in leaf
tissue. Ribosomal protein subunit 9 was used as internal control. Error bars represent
S.D. (standard deviation) of three replicates. Significant differences among different
tissues were determined at <0.05 by Student’s T-test, and are indicated by *.
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Figure 2.3 Schematic representation of expression vectors for generating transgenic
hairy roots and two modified CrMYC2 derivatives. pKYLX71 (Schardl et al., 1987)
vector contains both CrMYC2 and CrMYC2-SRDX under the control of the CaMV35S
promoter and rbcS terminator. LB, left T-DNA border; mcs, multiple cloning site; npt II,
neomycin phosphotransferase; nos, nos promoter; nos T, nos polyA; RB, right T-DNA
border.
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Figure 2.4 Transgenic status determination of EV control, CrMYC2-OX, and
CrMTC2-SRDX hairy root lines. (A) RT-PCR products indicated that the rol B, rol
C, vir C and npt II genes are presented in the transgenic hairy root lines. Control
lines containing Ri T-DNA and transgenic lines containing both Ri T-DNA and 35S::
MYC2-OX/SRDX. The PCR fragments of rol B gene (860 bp), rol C gene (620 bp), vir
C (650 bp), npt II (798 bp) are indicated in parentheses. (B) The relative expression
level of CrMYC2 in two independent CrMYC2-OX and two independent CrMYC2SRDX hairy root lines. Relative expression levels of target genes were normalized
based on the expression level in leaf tissue. Ribosomal protein subunit 9 was used as
internal control. Error bars represent SD of three replicates. Significant differences
among different lines were determined at <0.01 by Student’s T-test, and are indicated by
*.
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Figure 2.5 RNA-seq experimental design and expression pattern of high expression
(top 2000) genes (based on RPKM value) among three technical replicates of
different transgenic lines. (A) Experimental Design for RNA-seq Library Preparation (3
reps × 2 lines/ construct) and 18 individual samples in total. (B) Pearson’s correlation
heat map is constructed based on RPKM value, which is a normalized measure of
transcript abundant. Green, low expression; red, high expression. 1-3 represents three
replicates of CrMYC2-SRDX samples; 5-7 represent three replicates of CrMYC2-OX
samples; 9-11 represent three replicates of control samples. 4, 8 and 12 represent
normalized data of CrMYC2-SRDX, CrMYC2-OX, and control, respectively.
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Figure 2.6 Differential expression analysis of CrMYC2-OX and CrMYC2-SRDX
transcriptomic data. (A) Compared with the control, overexpression of CrMYC2
resulted in up-regulation of 1536 genes and down-regulation of 1289 genes. (B)
CrMYC2-SRDX line showed that 814 and 556 genes which are up- and down-regulated,
respectively. The x-axis indicates log-fold change (FC), and the y-axis indicates logcounts per million (CPM). The blue lines indicate ±1 fold changes. (C) Venn diagram
showing the overlap of differential expressed genes (DEGs) between CrMYC2-OX and
CrMYC2-SRDX. (D) Venn diagram showing the overlap between up-regulated DEGs of
CrMYC2-OX and down-regulated DEGs of CrMYC2-SRDX. (E) Venn diagram showing
the overlap between down-regulated DEGs of CrMYC2-OX and up-regulated DEGs of
CrMYC2-SRDX.
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Figure 2.7 Co-expression cluster analysis of the differential expressed genes (DEGs)
identified from CrMYC2-OX and CrMYC2-SRDX transcriptomic data.

Six

coexpression clusters were generated using MFuzz package with C-means soft clustering
algorithm. Data point 1, 2, and 3 on the X-axis represent EV control, CrMYC2-OX, and
CrMYC2-SRDX, respectively. The Y-axis represents gene expression values, where
gene expression values were standardized to have zero mean and one standard deviation.
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Number of gene
Figure 2.8 Gene Ontology (GO) classification of DEGs in CrMYC2-OX hairy root
line.

The results are categorized into three groups: biological process, cellular

component, and molecular function. The Y axis indicates the number of genes in each
category. In each category, only the top 10 items in each category are shown in this
figure.
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Number of gene
Figure 2.9 Gene Ontology (GO) classification of DEGs in CrMYC2-SRDX hairy
root line. The results are categorized into three groups: biological process, cellular
component, and molecular function. The Y axis indicates the number of genes in each
category. In each category, only the top 10 items in each category are shown in this
figure.
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Figure 2.10 The classification of different transcription factor families positively
regulated by CrMYC2. Catharanthus transcripts of all DEGs were submitted to the
PlantTFcat server to identify potential transcription factors. (A) Up-regulated
transcription factor families based on differential expression analysis of CrMYC2-OX
versus control. (B) Down-regulated transcription factor families based on differential
expression analysis of CrMYC2-SRDX versus. control.
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Figure 2.11 The classification of different transcription factor families negatively
regulated by CrMYC2. Catharanthus transcripts of all DEGs were submitted to the
PlantTFcat server to identify potential transcription factors. (A) Up-regulated
transcription factor families based on differential expression analysis of CrMYC2-SRDX
versus control. (B) Down-regulated transcription factor families based on differential
expression analysis of CrMYC2-OX versus control.
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Figure 2.12 Crosstalk between JA signaling and other phytohormonal signaling
Pathways by CrMYC2 overexpression in Catharanthus hariy roots. Catharanthus
transcripts of all DEGs were submitted to the DAVID Bioimformatics Resources. KEGG
pathway enrichment analysis was done to identify potential DEGs which are involved in
different plant hormone signal transduction cascades. The differential expressed genes in
each phytohormone signaling pathways are marked by red starts.
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Figure 2.13 Hierarchical clustering analysis of terpenoid indole alkaloid (TIA)
pathway genes in empty vector (EV) control and CrMYC2 overexpression
(CrMYC2-OX) hairy root lines. Hierarchical clustering and heat-map generated using
trascriptome data of EV control and CrMYC2-OX hairy root lines showing expression
profiles of key genes encoding enzymes and transcriptional regulators in TIA pathway.
Hierarchical clustering analysis show CrMYC2 is clustered with ORCA4, ORCA5,
CrGBF1, ZCTs and BPF1, whereas ORCA3, CrGBF2 is clustered with other indole and
iridoid pathway genes. Co-expression analysis was performed on the transcriptomic data
of three replicates for each line.
Copyright © Xueyi Sui 2017
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CHAPTER THREE
Interaction between a bHLH factor, CrMYC2, and bZIP factors, CrGBFs,
coordinately regulates terpenoid indole alkaloid biosynthesis in Catharanthus roseus

Abstract
The biosynthesis of medicinally valuable terpenoid indole alkaloids (TIAs) in
Catharanthus roseus is regulated by transcriptional activators (e.g. the basic helix-loophelix factor, CrMYC2) and repressors (e.g. the basic leucine zipper factors, CrGBFs).
Here I report that overexpression of CrMYC2 in Catharanthus hairy roots significantly
perturbs expression of TIA pathway genes and reduces alkaloid accumulation.
Expression of several TIA biosynthetic repressors, including CrGBF1 and CrGBF2, were
significantly upregulated in CrMYC2-overexpression lines.

However, key questions

remain as to whether and how these regulators interact to modulate TIA accumulation.
We demonstrate that CrGBF1 and CrGBF2 can form homo- and hetero-dimers and
repress the transcriptional activities of key indole and iridoid pathway gene promoters in
plant cell; however, the degrees of repression by the homo- or heterodimers vary on each
promoter. In addition, the CrGBFs also heterodimerize with CrMYC2 in yeast and plant
cell, and antagonize the transactivation of CrMYC2 on target gene promoters in a dosagedependent manner. Mutation analysis revealed that CrGBF1 binds to same cis-elements
(T/G-box) as CrMYC2 in key TIA pathway gene promoters. Our findings suggest that
CrGBFs antagonize the transactivation of CrMYC2 by two possible mechanisms: a)
competing with CrMYC2 for binding to T/G-box elements in the target promoters, and b)
preventing CrMYC2 from binding to the target promoters by forming a non-DNA
binding complex through protein-protein interaction.

The homo- and hetero-dimer

formation allows further fine-tuning of the aptitudes of the gene repression. Collectively,
our findings reveal a novel regulatory mechanism governing the expression of TIA
pathway genes to balance the metabolic flux for TIA accumulation in C. roseus.

Key words: CrMYC2; CrGBF1/2, TIA biosynthesis pathway, Catharnathus roseus
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Introduction
The terpenoid indole alkaloids (TIAs) are produced in a limited number of plant species
in the Apocynaceae, Loganiaceae, and Rubiaceae families (De Luca et al., 2014;
Memelink and Gantet, 2007). The Apocynaceae family medicinal plant, Catharanthus
roseus (Madagascar periwinkle) produces over 130 TIAs (Verma et al., 2012). C. roseus
is the unique natural source of two anticancer drugs, vinblastine and vincristine. TIA
biosynthesis is a highly coordinated biological process which involves multiple
enzymatic steps and transcriptional regulators (Courdavault et al., 2014). Moreover, TIA
biosynthesis requires at least four cellular compartments and complex inter- and intracellular translocations of the intermediates (Zhu et al., 2014; Courdavault et al., 2014;
Patra et al., 2013). In TIA biosynthesis, the shikimate pathway provides the indole
moiety, tryptamine, whereas the methyl erythritol phosphate (MEP) and iridoid pathways
contribute the monoterpenoid moiety, secologanin.

Condensation of tryptamine and

secologanin by strictosidine synthase (STR) results in the production of the first TIA,
strictosidine. Subsequently, the TIA biosynthesis pathway is branches into different
directions to synthesize various other TIAs and precursors for the bisindole alkaloids.
The bisindole alkaloids, vinblastine and vincristine, are synthesized by coupling
catharanthine and vindoline, catalyzed by the enzyme peroxidase 1 (PRX1) (Sottomayor
et al., 2004; Costa et al., 2008).
A number of transcriptional activators and repressors have been isolated and
characterized for their roles in TIA biosynthesis. The octadecanoid-derivative responsive
Catharanthus AP2-domain (ORCA) transcription factors (TFs), ORCA2 and ORCA3 are
known to activate key steps in the TIA pathway (Menke et al., 1999; van der Fits and
Memelink, 2000). Recently, two other AP2/ERF TFs, ORCA4 and ORCA5 that form a
physical cluster with ORCA3 (Kellner et al., 2015), have been shown to regulate key
steps in TIA pathway through overlapping and unique mechanisms (Paul et al., 2017). In
addition, the basic helix-loop-helix (bHLH) TFs, CrMYC2, bHLH iridoid synthesis 1
(BIS1), and BIS2, are also involved in regulation of the TIA pathway (Zhang et al.,
2011;Van Moerkercke et al., 2015; Van Moerkercke et al., 2016).

CrMYC2 acts

upstream of ORCA3 and also co-regulates TIA pathway genes, such as tryptophan
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decarboxylase (TDC), concomitantly with ORCA3 (Zhang et al., 2011). BIS1 and 2 are
major activators of the iridoid pathway, capable of activating all seven genes encoding
enzymes that catalyze the sequential conversion of geranyl diphosphate to loganic acid
(Van Moerkercke et al., 2015; Van Moerkercke et al., 2016).

The WRKY TF,

CrWRKY1 has also been shown to influence TIA biosynthesis in C. roseus (Suttipanta et
al., 2011).

Together with the transcriptional activators, a number of transcriptional

repressors function in the TIA pathway. The zinc finger TFs, ZCT1, ZCT2, and ZCT3,
bind to the TDC and STR promoters to repress their activities (Pauw et al., 2004).
Moreover, the basic leucine zipper (bZIP) TFs, G-box binding factor 1 (GBF1) and
GBF2 are also shown to be repressors of the TIA pathway (Sibéril et al., 2001a).
In plants, bZIP TFs are involved in diverse biological processes, including light and
stress signaling, seed maturation, pathogen defense, and flower development (Jacoby et
al., 2002). The 75 bZIP TFs in Arabidopsis are divided into ten groups based on a similar
basic domain and additional motifs (Jacoby et al., 2002). The Arabidopsis group G
GBF1, GBF2, and GBF3 have been implicated in light signaling (Schindler et al., 1992).
In addition to the bZIP domain, GBFs contain three conserved proline-rich motifs (PRM)
at the N-termini (Jacoby et al., 2002). The PRM in GBFs act either as an activation
domain as in Arabidopsis or a repressor domain as in soybean and Catharanthus (Figure
3.9; Jacoby et al., 2002; Sibéril et al., 2001b). CrGBF1 and CrGBF2 bind to the T/G-box
like elements in STR and TDC promoters and repress STR activity in Catharanthus cells
(Sibéril et al., 2001a). However, their influence on other TIA pathway genes and alkaloid
accumulation has not been thoroughly investigated.
Several studies in Catharanthus have shown that overexpression of an activator or
suppression of a repressor has limited or no effects on TIA accumulation (Peebles et al.,
2009; Van Moerkercke et al., 2015; Li et al., 2015; Rizvi et al., 2016). Biosynthesis of
specialized metabolites in plant cells, often in response to various abiotic or biotic
stresses, is an energy-intensive process (Kazan and Manners, 2008). Moreover, many of
the metabolites are toxic to plant cells. Plants have thus evolved unique mechanisms to
tightly regulate the synthesis of these metabolites. Jasmonic acid (JA) is a major elicitor
of TIA pathway, and most TIA pathway activators and repressors are coordinately
induced in response to JA treatments (Memelink and Gantet, 2007; Thamm et al., 2016),
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suggesting that TIA biosynthesis is under tight regulatory control in which the activators
and repressors act in concert to fine-tune TIA accumulation in C. roseus. However, the
key questions remain as to whether and how these regulators interact to modulate TIA
pathway gene expression and alkaloid accumulation are not well understood.
Here I report that overexpression of CrMYC2 perturbs indole and iridoid pathway gene
expression and reduces alkaloid accumulation in C. roseus hairy roots. Notably, the
expression of key activators such as ORCA3, BIS1 and BIS2 are repressed whereas the
repressors, CrGBFs and ZCTs are significantly induced. However, it is unclear whether
this unexplained transcriptional and metabolic consequence is a result of a counter effect
from one or more of these repressors to prevent over accumulation of these alkaloids. To
address this question, I demonstrate that CrGBFs form homo- and hetero-dimers, in both
yeast and plant cells and repress the transcriptional activity of key TIA pathway gene
promoters. Furthermore, CrGBFs form hetero-dimers with CrMYC2, and antagonize the
transactivation activity of CrMYC2 on target promoters.

Our findings suggest that

CrGBFs antagonize the transactivation of CrMYC2 possibly by a) competing with
CrMYC2 for binding to T/G-box-like elements in the target promoters, and/or b)
sequestering CrMYC2 by forming a non-DNA binding complex through protein-protein
interaction. The homo- and hetero-dimer formations possibly allow further fine-tuning of
the aptitudes of the gene repression. Collectively, our findings highlight the biological
significance of cross-family TF interaction and reveal a novel regulatory mechanism
governing the expression of TIA pathway genes to balance the metabolic flux for TIA
accumulation in C. roseus.

Materials and methods
Plant materials, RNA isolation, cDNA synthesis and cloning
Catharanthus roseus var. ‘Little Bright Eyes’ (NE Seed Commercial & Garden, USA)
seeds were surface sterilized using sodium hypochlorite (5%) solution for 10 min,
washed 5-6 times with sterile water and germinated on half-strength Murashige and
Skoog (MS) basal medium. The seeds were kept in dark at 28°C for 48 hours and then
transferred to tissue culture room under continuous light. Two week-old seedlings were
treated with 100 μM methyl jasmonate (MeJA) for 24 h. Total RNA isolated from
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MeJA-treated seedlings using RNeasy Plant Mini Kit (Qiagen, USA) was used for cDNA
synthesis.

The full-length cDNA of CrMYC2 (GenBank accession no. AF283507),

CrGBF1 (GenBank accession no. AF084971) and CrGBF2 (GenBank accession no.
AF084972) were amplified from first-strand cDNA using gene-specific primers with
suitable restriction enzyme sites (Table 3.2). PCR products were cloned into the pGEMT Easy vector (Promega) and confirmed by sequencing.

Plasmid construction and plant transformation
For overexpression, the full-length cDNA of CrMYC2 was cloned into the plant
transformation vector pKYLX71 under the control of the CaMV 35S promoter and the
rbcS terminator (Schardl et al., 1987). The plasmids were mobilized into Agrobacterium
rhizogenes R1000 by the freeze-thaw method (Weigel and Glazebrook, 2006).
Transformation of Catharanthus seedlings with A. rhizogenes and generation of hairy
roots were conducted as previously described (Choi et al., 2004; Suttipanta et al., 2011).
Briefly, the roots of two week-old Catharanthus seedlings were removed by scalpel and
the seedlings were immersed in A. rhizogenes suspension for 45 min. The seedlings were
then blotted on sterile filter paper to remove excess Agrobacterium, and transferred to
half- strength MS medium. After 2 days of co-culture at 28°C in dark, the explants were
rinsed with half-strength MS basal solution containing 800 mg/L cefotaxime and
transferred to half-strength MS basal medium containing 400 mg/L cefotaxime. New
roots usually protruded at the cut area of the explants in three weeks. The resulting roots
were cut and selected on one-third-strength Schenk and Hilderbrandt (SH) basal medium
(Caisson Labs, USA) supplemented with sucrose (30 g/L), agar (10 g/L), kanamycin (100
mg/L) and cefotaxime (400 mg/L). The actively growing hairy roots were selected and
cultured in one-third strength SH liquid medium on a shaker at 100 rpm in dark at room
temperature. After two weeks, the newly generated hairy roots were collected, frozen
immediately in liquid nitrogen, and stored at -80ºC for gene expression analysis and
metabolite measurements.
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cDNA synthesis and quantitative real time PCR (qRT-PCR)
Total RNA was isolated from CrMYC2 overexpression (CrMYC2-OX) and empty vector
(EV) control hairy roots using the RNeasy Plant Mini Kit following manufacturer’s
instructions (Qiagen).

RNA quantity was determined by NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, USA). About 2 μg of total RNA was used
for DNase I digestion. Synthesis of first strand cDNA was performed using Superscript
III Reverse Transcriptase (Invitrogen) in a total volume of 20 μl (Suttipanta et al., 2007).
Quantitative real-time PCR (qRT-PCR) was used to measure transcripts levels of TIA
pathway genes in different hairy root lines. All primers used in qRT-PCR are listed in
Table 3.1. The C. roseus 40S Ribosomal Protein S9 (RPS9) gene was used as an internal
control.

All PCRs were performed in triplicates and error bars represent standard

deviation (±S.D.) of three biological replicates. Significant differences among different
transgenic lines were determined at P<0.05 and <0.01 by Student’s T-test, and are
indicated by * and **, respectively.

Analysis of transgenic status of hairy roots
To verify the transgenic status of CrMYC2-OX, and EV control hairy root lines, genespecific primers (Table 3.2) were used to amplify the rol B, rol C, vir C, and kanamycin
resistant (nptII) genes.

PCR reactions were performed in a total volume of 20 μL

containing 1 μL of cDNA, 0.5 μL of each primer and 10 μL GoTaq green master mix
(Promega) for 30 cycles (94 °C for 30s, 55 °C for 30 s, 72 °C for 1.5 min). PCR products
were analyzed on a 1% ethidium bromide-stained agarose gel.

RNA sequencing library preparation and Illumina sequencing
RNA sequencing libraries of CrMYC2-OX and EV control hairy root lines were made
using 2 µg of total RNA following the previously reported protocol (Hunt, 2015). Equal
amount libraries were pooled and sequenced using Illumina Hiseq 2500 platforms. Deep
sequencing was performed in triplicates for each line for a 50 cycle single end run. The
data quality was checked at the Sequencing and Genotyping Center, Delaware
Biotechnology Institute at the University of Delaware and sequencing reads were
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provided in FASTq format. Demultiplexing adapter, and barcode sequences trimming
were performed on the CLC Genomics Workbench version 8.0 (CLC bio., 2015).

Co-expression analysis
For co-expression analysis, CrMYC2-OX and EV control transcriptomes, as well as
transcriptome data from five different tissues (flower, mature leaf, immature leaf, stem,
and root) obtained from the Sequence Read Archive (SRA) database at the National
Center for Biotechnology Information (accession number SRA030483) were used. Raw
reads were processed and reads per kilobase of transcript per million mapped reads
(RPKM) value was calculated as described before (Singh et al., 2015). Pair-wise Pearson
correlation coefficients for each transcript were calculated using RPKM.

Matrix

distances for expression heat-map were computed using Pearson correlations of gene
expression values (RPKM) by heatmap.2 function of gplots (version 3.0.1) Bioconductor
package in R (version 3.2.2) (Wickham, 2016).

Yeast two hybrid assay
The full-length cDNAs of CrMYC2, CrGBF1 and CrGBF2 were cloned into the two
yeast expression plasmids, pAD-GAL4-2.1 and pBD-GAL4 Cam (Stratagene, USA),
respectively. Different combinations of bait and prey plasmids were transformed into
yeast strain AH109 using PEG/LiCl method (Clontech), and the transformants were
selected on synthetic dropout (SD) medium without leucine and trptophan (-leu-trp).
Transformed colonies were then streaked on SD-his-leu-trp medium to check proteinprotein interaction.

Bimolecular fluorescence complementation (BiFC) assay
The full-length cDNAs of CrMYC2, CrGBF1 and CrGBF2 without their stop codons
were individually cloned into pSAT6-nEYFP-N1 and pSAT6-cEYFP-N1 vectors,
respectively (Citovsky et al., 2006). pSAT6-nEYFP-N1 and pSAT6-cEYFP-N1 vectors
contain the N (nYFP) or C (cYFP) terminal fragment of YFP, respectively. The resulting
constructs were then co-electroporated into tobacco protoplasts in different combinations
to check homo/heterodimerization (Pattanaik et al., 2010) and visualized using
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fluorescent microscope (Nikon, Japan). Primers used for generating the BiFC constructs
are listed in Table 3.2.

Plasmid construction and protoplast transient assay
The reporter plasmids used in the protoplast assay contain the fire-fly luciferase coding
sequence driven by TDC, STR, G10H, ORCA3, and BIS1 promoters and rbcS terminator
(Suttipanta et al., 2007; Paul et al., 2017).

The T/G-box motif (AACGTG) in

ORCA3/TDC promoters was changed to AAAATG to generate mORCA3/mTDC by sitedirected mutagenesis (Zheng et al., 2004). The effector plasmids were generated by
cloning the full-length coding sequences of CrMYC2, CrGBF1 and CrGBF2 in a
pBlueScript vector containing CaMV 35S promoter and rbcS terminator. A plasmid
containing the ß-glucuronidase (GUS) gene under the control of the CaMV 35S promoter
and rbcS terminator was used as an internal control. Protoplast isolation, electroporation
and luciferase assay were performed as previously described (Suttipanta et al., 2007;
Pattanaik et al., 2010a & 2010b).

Measurement of alkaloid content
For alkaloid extraction, 150 mg fresh tissue collected from actively growing hairy roots
were ground in liquid nitrogen and extracted with 2 mL methanol. The extracts were
concentrated to 250 µL using a rotory evaporator. Fifteen µL of concentrated extracts of
hairy root and commercial alkaloid standard mixture (catharanthine, tabersonine and
ajmalicine, Sigma) were applied onto TLC plates (silica G60; Merck). The TLC was run
on solvent methanol: chloroform (1:9, v/v) mixture and alkaloids were verified under
254, and 366 nm UV wavelength, respectively and by color reaction with 1% cerium
ammonium sulfate in 50% phosphoric acid.

TIAs in each hairy root sample were

quantified using high performance liquid chromatography (HPLC) followed by
electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) as previously
described by Suttipanta et al. (2011).

Briefly, three alkaloids were identified by

comparing retention time, diode array, and MS/MS spectra with alkaloid standards
(Suttipanta et al., 2011). To quantification of tabersionine, catharanthine, and ajmalicine,
the alkaloid standards were used to generate standard curves. RP-HPLC was conducted
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using a 250 mm × 4.5 mm, 5µm C-18 column (Agilent Technologies) and solvent
gradient (80% - 20%) 5 mM phosphate buffer and acetonitrile (20% - 80%) at a flow rate
of 1.0 mL/min with Waters 2998 photodiode array detector and data analysis were
performed by the Masslynx software. Chromatographic peaks were integrated and
compared with the corresponding standard curves to calculate the amount of each three
alkaloids in each sample (Suttipanta et al., 2011).

Results
Ectopic expression of CrMYC2 perturbs TIA pathway gene expression and
represses alkaloid accumulation in C. roseus hairy roots
MYC2 acts as a regulatory hub involved in diverse developmental and metabolic
processes including JA signaling and specialized metabolite biosynthesis in plants
(Dombrecht et al., 2007; Kazan and Manners, 2013). However, the role of CrMYC2 in
TIA pathway regulation and alkaloid accumulation is not well understood. A previous
study has shown that CrMYC2 overexpression in Catharanthus cell line moderately
induced the ORCA3 expression; however, expression of downstream targets such as STR
remain unchanged. Moreover, the effect of CrMYC2 overexpression on the metabolite
accumulation was not investigated (Zhang et al., 2011). Thus, to determine the effects of
CrMYC2 on TIA pathway gene expression and metabolic outcomes, we generated
transgenic hairy root lines overexpressing CrMYC2 (CrMYC2-OX). Hairy root lines
expressing an empty vector (EV) served as control. Transgenic status of independent
hairy root lines were verified by PCR and two independent lines (OX-A and OX-B) were
chosen for further analysis.

Compared with the EV control, relative expression of

CrMYC2 were 6-36 fold higher in CrMYC2-OX lines (Figure 3.8). The hairy root line
(OX-B) showing consistently higher expression of CrMYC2 compared to the EV control
was chosen for RNA sequencing. We performed hierarchical clustering to provide an
overview of the expression of profiles of structural and regulatory genes in TIA pathway
in EV control and CrMYC2-OX lines (Figure 2.14). Hierarchical clustering analysis
showed that CrMYC2 co-expressed with ORCA1, T3O, CrGBF1, ZCTs and the box Pbinding factor-1 (BPF1) whereas the ORCA3, CrGBF2 clustered with other indole and
iridoid pathway genes. Expression of positive regulators such as ORCA3, BIS1 and BIS2
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were repressed in CrMYC2-OX line compared with the EV control.

Interestingly, the

expression of the negative regulators such as CrGBF1 and CrGBF2 were significantly
upregulated whereas ZCTs were moderately induced in CrMYC2-OX hairy root line.
Moreover, the expressions of genes encoding key enzymes in indole and iridoid branch
were repressed in CrMYC2-OX hairy roots. Compared to the control, expression levels
of MEP pathway genes were significantly repressed in CrMYC2-OX hairy roots.

To validate the transcriptome data, we first measured the transcript levels of key
regulatory genes in TIA pathway in the EV control and CrMYC2-OX lines by qRT-PCR
(Figure 3.1A). Expression of BIS1 and BIS2, major activators of the iridoid pathway,
were repressed by 50-63% in CrMYC2-OX hairy roots. ORCA3 is a positive regulator of
a number of TIA pathway genes including TDC and STR and known to be activated by
CrMYC2 (Vom Endt et al., 2007).

However, seemingly inconsistent with such

regulation, ORCA3 expression was deceased by 51% in CrMYC2-OX hairy roots
compared with the control. This result points to the possibility of up-regulation of
repressors in CrMYC2-OX. Consistent with this possibility, the expressions of CrGBF1
and CrGBF2 were significantly higher in CrMYC2-OX hairy roots; most noticeably,
CrGBF1 was 4.5 fold higher in CrMYC2-OX compared to the EV control (Figure 3.1A).
CrGBF1 and CrGBF2 are known to repress the expression of a key TIA pathway gene,
STR by binding to its promoters (Sibéril et al., 2001a). Moreover, expression of three
zinc finger repressors ZCT1, ZCT2, and ZCT3, were significantly increased in CrMYC2OX compared with that of the EV control (Figure 3.1A). ZCTs are known to bind TDC
and STR promoters in Catharanthus cell line and repress their activity (Pauw et al.,
2004).

Next, we measured the expression of key structural genes in TIA pathway using qRTPCR. Expression of two key indole branch genes, anthranilate synthase α (ASα) and
tryptophan decarboxylase (TDC), were decreased by 34% and 31%, respectively, in
CrMYC2-OX hairy roots. Expression of the iridoid branch genes, including geraniol 10hydroxylase (G10H), iridoid synthase (IRS), iridoid oxidase (IO), and 7-deoxyloganic
acid hydroxylase (7-DLH), were decreased by 32%, 25%, 26% and 22%, respectively, in
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CrMYC2-OX hairy roots, compared with the EV control (Figure 3.1A). In addition,
CrMYC2 overexpression significantly repressed the expression of 7-deoxyloganetic acid
glucosyl transferase (7-DLGT) and cytochrome P450 reductase (CPR) by 40% and 25%,
although the expression of geraniol synthase (GES) and 10-hydroxygeraniol
oxidoreductase (10HGO) were not significantly altered (Figure 3.1A).

The iridoid

branch genes encode enzymes that catalyze the sequential conversion of geranyl
pyrophosphate (GPP) to loganic acid. STR condenses tryptamine and secologanin to
produce the first TIA, strictosidine. Expression of STR is decreased by 36% in CrMYC2OX compared to the EV control. I then measured the expression of genes involved in
vindoline biosynthesis in the EV control and CrMYC2-OX hairy root lines.
Overexpression of CrMYC2 increased the expression of tabersonine 3-oxygenase (T3O)
by 78% and 16-hydroxy-2, 3-dihydro-3-hydroxytabersonine N-methyltransferase (NMT)
by 2.2 fold, but decreased the expression of 16-hydroxytabersonine O-methyltransferase
(OMT) and tabersonine 3-reductase (T3R) by 68% and 87%, respectively (Figure 3.1A).
Collectively, these finding suggests that ectopic expression of CrMYC2 affects indole and
iridoid pathway gene expression. Downregulation of key activators and upregulation of
repressors negatively affect the downstream pathway genes.

To determine whether repression of key regulatory and structural genes in CrMYC2
overexpression hairy root line has any effect on the metabolic outcome, we measured the
alkaloid contents in the EV control and CrMYC2-OX hairy roots. Before quantifying the
amounts of different alkaloids, we performed thin-layer chromatography (TLC) on
aliquots of each sample, followed by the color reaction with 1% cerium (IV) ammonium
sulfate and observed under UV to identify the presence of the three major alkaloids,
catharanthine, tabersonine, and ajmalicine. Results suggested a possible down-regulation
of TIAs in the CrMYC2-OX lines. Additional aliquots of samples were then analyzed by
liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESIMS/MS) (Suttipanta et al., 2011). The EV control hairy root lines produced 1027.0,
411.7, and 924.0 (ng/mg) catharanthine, tabersonine, and ajmalicine, respectively
(Figure 3.1B). In contrast, the two CrMYC2-OX lines showed significant decrease in the
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accumulation of catharanthine (391.5 ng/mg), tabersonine (121.0 ng/mg), and ajmalicine
(155.0 ng/mg) (Figure 3.1B).

The transcriptional and metabolic consequences of CrMYC2 overexpression suggests the
counter effects of repressors, such as CrGBFs and ZCTs in TIA pathway. I hypothesized
that coordinated expression and interactions between activators and repressors control the
dynamics of TIA pathway gene expression and alkaloid accumulation in C. roseus. To
test my hypothesis, I first analyzed the expression profile of CrMYC2 and CrGBFs in
different tissues and in response to JA treatment. Next, I tested interactions between
CrMYC2 and CrGBFs, and determined how these interactions influence TIA pathway
gene expression in C. roseus.

Expression of CrMYC2 and CrGBFs are highly correlated and JA-responsive
We performed co-expression analysis of TIA pathway genes in different tissues including
young leaf, mature leaf, root and flower using C. roseus transcriptomes available in
Medicinal Plants Genomics Resource (MPGR) (SRA030483). Figure 3.2A shows two
major cluster: CrMYC2 was grouped with CrGBFs, ORCAs and ZCTs; the other cluster
includes BIS1, BIS2, G10H and genes related to vindoline biosynthesis. We also verified
the expression pattern of CrMYC2 and CrGBFs in young and mature leaves, and roots
using qRT-PCR (Figure 3.2B).

Transcript levels of CrMYC2 and CrGBFs were

significantly higher in roots compared to leaves (Figure 3.2B). JA-responsive expression
of structural and regulatory genes is a hallmark of the TIA pathway. We suspected that
the co-expressed CrMYC2 and CrGBFs have similar induction patterns in response to JA
treatment. We thus examined their expression of CrMYC2 and CrGBFs in C. roseus
roots, where they are each highly expressed, in a time course of JA treatment using qRTPCR.

The transcript levels of CrMYC2 and CrGBFs were reduced in 6 and 12 h

following JA treatment but increased by 5 to 16 fold after 24 h of JA treatment (Figure
3.2C). Such biphasic kinetics of expression has been observed in CrMYC2 regulated
genes, such as ORCA2 (Menke et al., 1999). Taken together, our results indicate that the
spatial and temporal expression profile of CrMYC2 and CrGBFs are correlated, which is
potentially relevant for modulating TIA gene expression.
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CrGBF1 and CrGBF2 interact with CrMYC2 in yeast and plant cells
Intra- and inter-family TF interactions are crucial aspects of a gene regulatory network.
Inter-family TF interactions have been shown to regulate numerous developmental and
metabolic processes in plants (Bemer et al., 2017). Even though I demonstrated the
correlation of CrMYC2 and CrGBF expression, I set to show the physical interaction of
the proteins. In yeast two hybrid assay, using CrGBF1 or 2 as baits and CrMYC2 as
prey, I observed that CrMYC2 interacted with CrGBF2 (Figure 3.3A).
To test whether CrGBF1 interacts with CrMYC2 and to further confirm the interactions
between CrMYC2 and CrGBF2, I performed protoplast-based two hybrid assay as
described previously (Paul et al., 2017; Patra et al., 2013). CrMYC2 was fused to the
GAL4 DNA binding domain to generate BD-CrMYC2, which significantly activated the
expression of a luciferase reporter driven by minimal CaMV 35S promoter with five
tandem repeats of GAL4 RESPONSE ELEMENTS (5XGAL4RE-35S) in plant cells,
demonstrating CrMYC2 as being a strong activator. However, the reporter activity was
significantly decreased when BD-CrMYC2 was co-expressed with CrGBF1 or CrGBF2
(Figure 3.3B). Because the co-expressed CrGBF1 and 2 lack the GAL4 DNA binding
domain, the repression of CrMYC2 activity were probably due to the interaction of
CrGBF1 or 2 with CrMYC2. To further confirm the interaction between CrMYC2 and
CrGBFs, I also performed bimolecular fluorescent complementation (BiFC) assay in
tobacco protoplasts (Pattanaik et al., 2010a). A strong YFP fluorescence was detected in
the nucleus when CrMYC2-nEYFP and CrGBF1-cEYFP, or CrMYC2-nEYFP and
CrGBF2-cYEFP were co-electroporated into tobacco protoplasts. YFP signal was not
detected when only one of the fusion proteins, CrMYC2-nEYFP or CrGBF1-cEYFP was
co-expressed with the cYFP or nYFP empty vectors (Figure 3.3C). Taken together, our
results suggest that CrMYC2 directly interacts with CrGBF1 and CrGBF2 in plant cell.

CrGBF1 and CrGBF2 form homo- and hetero-dimers
bZIP TFs contain a basic domain, that is involved in DNA binding, and a leucine-zipper
domain that mediates homo- and hetero-dimer formation (Sibéril et al., 2001b). To
determine whether the CrGBF proteins form homo- and hetero-dimer, we performed
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yeast two hybrid assay that used CrGBF1 and CrGBF2 as bait and/or prey. Our results
showed that CrGBF1 and CrGBF2 form homodimer and heterodimers in yeast cells
(Figure 3.4A). To further validate the interaction observed in yeast cells, I performed
BiFC in tobacco protoplasts. Strong YFP fluorescent signal was only detected in the
nucleus when CrGBF1-nEYFP and CrGBF1-cEYFP, or CrGBF2-nEYFP and CrGBF2cYEFP, or CrGBF1-nEYFP and CrGBF2-cYEFP, or CrGBF1-cEYFP and CrGBF2nEYFP were co-expressed in tobacco protoplasts. In contrast, YFP fluorescent signal was
not observed when only one of the fusion proteins was co-expressed with the
complementary portion of YFP (Figure 3.4B). Taken together, our findings suggest that
CrGBFs form homo-and heterodimer in plant cell.

CrGBFs act as repressors of TIA pathway in C. roseus
Significant upregulation of CrGBF1 and downregulation of several key TIA pathway
genes in CrMYC2-OX hairy roots led us to hypothesize that CrGBFs regulate expression
of a number regulatory and structural genes in TIA pathway. A previous study shows
that CrGBFs bind to T/G-box element in STR and TDC promoters in vitro. Moreover,
CrGBFs repress transcriptional activity of STR promoter in plant cells (Sibéril et al.,
2001a). To test my hypothesis, I cloned the promoter sequences of selected indole and
iridoid pathway genes, ORCA3, BIS1, STR, TDC, and G10H that contain putative CrGBF
binding sites (T/G-box elements) and used a protoplast-based assay to determine the
ability of CrGBFs to repress their activities. ORCA3 and BIS1 are key regulators of
indole and iridoid pathway genes, respectively. The ORCA3, BIS1, STR, TDC, or G10H
promoters, fused to the fire-fly luciferase (LUC) reporter gene, were electroporated into
tobacco protoplasts alone or with plasmids expressing CrGBF1 and/or CrGBF2.
Individually, CrGBF1 or CrGBF2 significantly repressed the transcriptional activities of
all tested promoters by 28-85% compared to the control (Figure 3.5). Compared to
CrGBF2, CrGBF1 exhibited stronger repression on all tested promoters, except BIS1. In
addition, co-expression of CrGBF1 and 2 showed various degrees of repression
compared to individual expression of each factor; for example, CrGBF1/2 co-expression
resulted in additive repression of STR and BIS1 promoters, whereas additive repression
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was not apparent on other tested promoters. The results suggest that GBF homodimers
and heterodimers mediate a wide range of magnitude of repression.

CrGBFs antagonize transactivation of CrMYC2 on key TIA pathway gene
promoters
To test whether and how the CrMYC2-CrGBF complexes regulate TIA pathway gene
expression, I chose to analyze their effects on the promoters of ORCA3 and TDC.
CrMYC2 is known to bind the T/G box element in ORCA3 promoter to regulate its
expression (Vom Endt et al., 2007). Recently, we have shown that CrMYC2 co-regulates
TDC with ORCA3 by binding to T/G box element (Paul et al., 2017). The TDC-LUC and
ORCA3-LUC plasmids were electroporated into tobacco protoplasts alone or with
plasmids expressing CrMYC2, CrGBF1, or CrGBF2.

As expected, CrMYC2

significantly activated the TDC and ORCA3 promoters (Figure 3.6A and 3.6C).
However, the activations were significantly reduced when CrGBF1 and/or CrGBF2 was
co-electroporated with CrMYC2 (Figure 3.6A and 3.6C). The repressive effect was
more evident on TDC promoter when both CrGBF1 and CrGBF2 were co-electroporated
with CrMYC2. Taken together, my findings suggest that CrMYC2 and CrGBFs regulates
the activities of TIA pathway promoters by two possible mechanisms:
a) CrGBFs antagonizes CrMYC2 activity by binding to same cis-elements on TDC and
ORCA3 promoters. CrMYC2 is known to bind the T/G-boxes of the TDC and ORCA3
promoters (Zhang et al., 2011; Paul et al., 2017). To test whether CrGBF1 binds to the
T/G-box (AACGTG) element, we mutated the AACGTG sequence to AAAATG.
Transcriptional activity of the mutant ORCA3 (mORCA3) or mutant TDC (mTDC)
promoter was not repressed when co-electroporated with CrGBF1 into tobacco
protoplasts (Figure 3.6B). Next, we performed a competition assay by increasing the
ratio of plasmid expressing CrMYC2 to that of CrGBF1 in the protoplast assay. The
CrGBF1-mediated repression of luciferase activities of ORCA3 promoter gradually
increased with the increase of CrMYC2 concentration (1, 4.6, and 7.8 fold of that of
CrGBF1; Figure 3.6C). Similarly, CrMYC2-induced activation of ORCA3 promoter
gradually declined with the increase of the concentration of CrMYC2 (1, 0.4, and 0.3 fold
of that of CrMYC2; Figure 3.6C).
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b) CrGBFs sequesters CrMYC2 by forming a non-DNA binding complex through
protein-protein interaction. To test this possibility, we chose the STR promoter, which is
repressed by CrGBFs but not activated by CrMYC2.

As expected, transcriptional

activities of STR was not significantly affected when CrMYC2 and CrGBF1 or CrGBF2
were co-electroporated into tobacco protoplasts, suggesting that CrMYC2 interacts with
CrGBF1 or CrGBF2 to form a non-DNA binding complex, thereby attenuating the
repression by an individual CrGBF. Moreover, transcriptional activity of STR promoter is
significantly repressed by the co-electroporation of CrGBF1 and CrGBF2, suggesting
that the CrGBF heterodimer is essential to repress the activity of STR promoter in vivo
(Figure 3.1A and Figure 3.6D)

Discussion
Biosynthesis of specialized metabolites is regulated by diverse families of transcription
factors. Accumulating evidence suggests that interactions between diverse TF families
dictate the metabolic outcome in plants in response to various biotic and abiotic factors.
Regulation of flavonoid biosynthesis and trichrome development in Arabidopsis by a
group of activators and repressors is a hallmark of combinatorial gene regulation in
plants. A complex of R2R3MYB (PAP1/PAP2/GL1)-bHLH (GL3/EGL3/TT8)-WD40
(TTG1) (MBW) TFs positively regulate flavonoid biosynthesis and trichrome
development. On the other hand, the R3-MYBs (MYBL2/CPC/TRY) act as negative
regulators of flavonoid biosynthesis and trichrome development. They compete with the
R2R3 MYBs to interact with the bHLH factors and form a repressor complex (Pattanaik
et al. 2014; Patra et al. 2013). Recent studies demonstrate that the sub-group IIId bHLH
factors (bHLH3/13/14/17) also act as negative regulators of anthocyanin biosynthesis and
JA response in Arabidopsis (Song et al., 2013). Unlike R3-MYBs, these bHLH factors
do not interact with the components of MBW complex; they antagonize the activity of
MBW complex by binding to the same cis-elements on target promoters. AtMYC2 acts
as a positive regulator of the wounding and JA-responsive gene TAT1 in Arabidopsis.
The subgroup IIId bHLH factor antagonizes the activity of AtMYC2 on TAT1 promoter
by binding to the same cis-elements (Song et al., 2013).
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Activators and repressors have been isolated and characterized for their role in regulating
TIA biosynthesis in Catharanthus. However, the interconnection between these factors
and the underlying molecular mechanism are not sufficiently understood. Here, I report
that CrMYC2 overexpression in Catharanthus hairy roots resulted in significant
upregulation of several repressors, including GBFs and ZCTs. I have also shown that, the
spatial and temporal expression profiles of CrMYC2 and CrGBFs are tightly correlated in
different tissues and in response to JA treatment (Figure 3.2). These findings hint that
CrMYC2 and CrGBF1/2 act in concert to modulate TIA pathway gene expression and
metabolite accumulation in Catharanthus (Figure 3.1).

The bHLH (CrMYC2) and

bZIPs (CrGBFs) families of TF are known to form homo- and heterodimers within the
members of the same families; however, the interconnections between these two families
are poorly understood (Maurya et al., 2015). A recent study has revealed that crossfamily TFs interactions occur frequently in plants and is an important feature of the gene
regulatory network (Bemer et al. 2017). Here I have shown that CrGBFs interact with
CrMYC2 in yeast and plant cells (Figure 3.3). Moreover, site-directed mutagenesis
demonstrated that CrGBF1 binds to same cis-elements (T/G-box) as CrMYC2 in ORCA3
and TDC promoters (Figure 3.6B). Furthermore, protoplast transient assays showed that
CrGBF1 antagonizes the transactivation of ORCA3 promoter by CrMYC2 in a dosagedependent manner.

Similarly, CrMYC2 overcomes CrGBF1-mediated repression of

ORCA3 promoter in a dosage-dependent manner. In addition, I have also shown that
CrGBF1-mediated repression of the non-CrMYC2 regulated STR promoter can be
overcome by CrMYC2 (Figure 3.6D). These findings suggest that CrGBF1 antagonize
CrMYC2 activity by two possible mechanisms: (i) by binding to the same cis-elements in
the target promoters and (ii) by forming a protein complex with CrMYC2 that inhibit
each other’s DNA binding ability (Figure 3.6). In Arabidopsis, the interaction between
AtMYC2 and AtGBF1 has been shown to form a non-DNA binding complex that was
unable to repress the transcriptional activity of the HYH promoter and regulate
photomorphogenic growth of seedlings (Maurya et al., 2015).

Previously, CrGBF1 and CrGBF2 were shown to bind preferentially to T/G-box motifs
on the STR and TDC promoters (Sibéril et al., 2001a). Here, we show that CrGBFs form
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homo- and heterodimers, and repress the transcriptional activities of a number of key
indole and iridoid pathway regulatory and structural gene promoters including ORCA3,
BIS1, TDC, G10H and STR. CrGBF1 and CrGBF2 proteins show different repression
abilities on different promoters, suggesting that the binding of the GBF homo- or heterodimers to the corresponding promoter is influenced by the sequence of the T/G-box motif
and the surrounding DNA sequence (Figure 3.5).

In Arabidopsis, homodimers of

AtGBF1, AtGBF2 and AtGBF3 specifically recognize the G-box (CACGTG) element
present in the target promoters. In addition, these three proteins form heterodimers that
also bind G-box sequence (Schindler et al., 1992).

Overexpression of an activator or silencing of a repressor was not sufficient to boost TIA
production in C. roseus hairy roots (Peebles et al., 2009; Pan et al., 2012; Van
Moerkercke et al., 2015).

MYC2 is known to regulate biosynthesis of multiple

specialized metabolites including nicotine, flavonoids, glucosinolates, taxol, and steroidal
glycoalkaloids in different plant species (Shoji and Hashimoto, 2011; Todd et al., 2010;
Zhang et al., 2012; Dombrecht et al., 2007; Schweizer et al., 2013; Shen et al., 2016; An
et al., 2016; and Cardenas et al., 2016). Ectopic expression of MYC2 has contrasting
effects in different plant species. Overexpression of MYC2-like factors significantly
repressed nicotine and paclitaxel pathway gene expression in tobacco and Taxus,
respectively (Wang et al., 2015; Lenka et al., 2015).

However, in apple MYC2-

overexpressing calli accumulate more anthocyanins compared with the control ones.
Here, we have shown that overexpression CrMYC2 in Catharanthus hairy roots repress
TIA pathway gene expression and reduce metabolite accumulation (Figure 3.1).

TIAs are known to inhibit cancer cell division by binding to microtubules. Biosynthesis
of TIAs in multiple cellular compartments and secretion of one of the monomeric
precursors, catharanthine, onto the leaf surface suggest that spatial separation of TIA
pathway intermediates is a possible mechanism to avoid cytoxicity. A recent study has
shown that virus induced gene silencing (VIGS) of a tonoplast transporter of strictosidine
cause cell death due to higher accumulation of strictosidine (Payne et al., 2017). The
interaction between the activators and repressors in the TIA pathway reported here is
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likely an additional layer of control that modulate gene expression and fine-tune TIA
accumulation.
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Table 3.1 Primer sequences used for qRT-PCR in this study
Name

Forward 5'-3'

Reverse 5'-3'

10HGO

ACCGTTTCTGCAATTCATCC

CCACATCAGGCAAAACATTG

IO

CCAAACGCTGTACAAGCTCA

CCAATGTCCGCCGTAAGTAT

ASα

GCGAACATTTGCAGATCCAT

GGCCGATTTGTTATTGTTCC

CPR

GCAACACAAGATGGCAGAAA

TATCCATCGATCCCTGCTCT

7-DLH

TTAAGCCCAAGAAGCTGGAA

GCCATGAGTCCCAACAGTTT

7-DLGT

TCGCAAACACATGCCAAGA

TGCATCAAGCCAATCCACAC

G10H

TTATTCGGATTCTGCCAAGG

TCCCCAAAGTGAATCGTCAT

GES

ATCAAGTTCTTGCGCCAACC

TCATCTTCAAGGCCTCCAAT

IRS

AAACCCGAAAACCAGAGCT

CCACATGATTCGCCTTTTAC

NMT

CTGGTGTCTTTAATAGGTTGTTCG

TTTGGCTTCATTATTGATGTTACC

OMT

GGCTGGTGTAAAAGGGATTGT

TCTCACGCCGTATTTCTGAAT

RPS9

GAGGGCCAAAACAAACTTGA

CCCTTATGTGCCTTTGCCTA

STR

ACCATTGTGTGGGAGGACAT

ATTTGAATGGCACTCCTTGC

T3O

TTTGCCATTTGGTGCCGGAAGA

CTGGGAGTTGCCAGTTGAAATGGT

T3R

CGCGAGTACGGGTGGAAGTATAAA

CGGGGATAACCTCAACATCTGCAA

TDC

CGTCATCCTCGACCATTTTT

ATCCGATCAAACCCATACCA

CrMYC2

TTTGGCAGTCGTCTGTTGTC

CAAAAGAACTCGCGGAAGAC

ZCT1

AGCCGAAAACTCATGCTTGT

CGCCTTTGCAACAGGTTTAT

ZCT2

CGTCAATTTCCATCGTTTCA

CCGATAGCGAATTCAAGTCC

ZCT3

GACAAGCTTTGGGAGGACAC

GGCAAGGCAGGTAAGTTCAA

ORCA3

CGGGATCCGAAATACAGAAA

GCCCTTATACCGGTTCCAAT

BIS1

ACCAGCGTTTCAGCTTTTGG

ATTTGCACGCATGACAGCT

BIS2

CCGAGGTTTTCAACTCCCAAAG

TGAACTTTTGGGTGCTGCTG

CrGBF1

AACAGGCTGAGACGGAAGAA

GACCCGTGCATTTTTCAACT

CrGBF2

GGAAGGTGCCATCTACTCCA

CTAGATCGCCGAGCAGATTC
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Table 3.2 Primer sequences used for gene cloning and checking transgenic status
Name
rol B F
rol B R
rol C F
rol C R
vir C F
vir C R
nptII-F
nptII-R
CrGBF1-HindIII-F (Sense)
CrGBF1-XhoI-R (Sense)
CrGBF1-XbaI-F (Antisense)
CrGBF1-SacI-R (Antisense)
CrMYC2-XhoI-F
CrMYC2-XbaI-R
CrGBF1-Y2H/BiFC-EcoRI-F
CrGBF1-Y2H/BiFC-SalI-R
CrGBF2-Y2H/BiFC-EcoRI-F
CrGBF2-Y2H/BiFC-SalI-R
CrMYC2-BiFC-NcoI-F
CrMYC2-BiFC-SalI-R

5'-3'
CTTATGACAAACTCATAGATAAAAGGTT
TCGTAACTATCCAACTCACATCAC
CAACCTGTTTCCTACTTTGTTAAC
AAACAAGTGACACACTCAGCTTC
GGCTTCGCCAACCAATTTGGAGAT
TTTTGCTCCTTCAAGGGAGGTGCC
ATGGGGATTGAACAAGATGGA
TCAGAAGAACTCGTCAAGAAG
GCAAGCTTGGTTCACATGCCAATGCTCAT
ATGCTCGAGCTCTGTGATATCCCATGATCAG
GCTCTAGAGGTTCACATGCCAATGCTCAT
ATGGAGCTCCTCTGTGATATCCCATGATCAG
CGCTCGAGATGACGGACTATAGGCTACAAC
ATGTCTAGAATCATACCAAGAGCCTCATCGA
GCGAATTCATGGGAAGTAGTGAAGAGACAAAGT
ATGGTCGACTCAACCAGCGGCAACAGCATCCGCC
GCGAATTCATGGGTAGCAGTGAGATAGATAAAT
ATGGTCGACTCATTGACTTCTCGCTGCAGTCTCT
GCACCATGGTCACGGACTATAGGCTACAACCG
ATGGTCGACTTACCAAGAGCCTCATCGAGTT
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Figure 3.1 Quantitative real-time polymerase chain reaction (qRT-PCR) validation
of terpenoid indole alkaloid (TIA) pathway genes, and alkaloid accumulation in
empty vector (EV) control and CrMYC2 overexpression (CrMYC2-OX) hairy root
lines. (A) The relative expression levels of TIA pathway enzymes and transcriptional
regulators in EV control and CrMYC2-OX hairy root lines. Ribosomal protein subunit 9
(RPS9) was used as an internal control. (B) Accumulation of catharanthine, tabersonine
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and ajmalicine in EV control and two independent CrMYC2-OX lines. Equal amount of
hairy root tissue was used for each line for total alkaloid extraction. Alkaloid extracts
from EV control, CrMYC2-OX lines were analyzed by HPLC-DAD and LC-MS/MS, and
the levels of catharanthine, ajmalicine and tabersonine were estimated based on peak
areas. Each sample was performed in triplicates. Data represent means ± standard
deviation (SD) of three replicates. Significant differences among different lines were
determined at <0.05 by Student’s T-test, and are indicated by *.
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Figure 3.2 Co-expression of CrMYC2 and CrGBFs with TIA pathway genes in
different tissues of C. roseus. (A) Hierarchical clustering and heatmap showed that
CrGBF1 was clustered with ASα and ZCTs; while CrGBF2 was co-expressed with
CrMYC2 and ORCA3, and their targets, STR, TDC, LAMT, and SLS. (B) Relative
expression levels of CrMYC2, CrGBF1, and CrGBF2 in young and mature leaves and
roots. (C) Relative expression levels of CrMYC2, CrGBF1 and CrGBF2 in roots treated
with JA for different time points. Relative expression levels of target genes were
determined by qRT-PCR. Ribosomal protein subunit 9 (RPS9) was used as an internal
control. Data represent means ± standard deviation (SD) of three replicates. Statistical
significant was determined at <0.05 by Student’s T-test, and are indicated by *.
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Figure 3.3 The protein-protein interaction between CrMYC2 TF and CrGBFs in
yeast and plant cells.

(A) A yeast two-hybrid assay demonstrated the interaction

between CrMYC2 and CrGBF2 proteins. CrMYC2 fused GAL4 activation domain
(CrMYC2-pAD) was cotransformed with CrGBF1 or CrGBF2 fused to GAL4 DNA
binding domain (CrGBF1/CrGBF2-pBD). The transformants were grown in either double
selection medium (SD-Leu-Trp) or triple selection medium (SD-His-Leu-Trp). (B) A
protoplast-based two-hybrid assay demonstrated the interactions of CrMYC2 with
CrGBF1 and CrGBF2. The reporter plasmid contains the fire-fly luciferase gene under
the control of GAL4 response elements fused to minimal CaMV 35S promoter and rbcS
terminator. CrMYC2 fused to GAL BD (CrMYC2-BD), CrGBF1 and CrGBF2 served as
effectors. The reporter plasmid was either transformed alone or co-transformed with
different effectors into tobacco protoplasts. A plasmid containing the ß-glucuronidase
(GUS) reporter driven by the CaMV 35S promoter and rbcS terminator was used as a
normalization control. Luciferase activity was normalized against GUS activity. Data
represent mean ± standard deviation (SD) of three replicates. Significant differences
among different combinations were determined at P<0.05 by Student’s T-test, and are
indicated by *. (C) Bimolecular fluorescent complementation (BiFC) assay in tobacco
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protoplasts showing the protein - protein interaction between CrMYC2 and CrGBFs.
CrGBF1, CrGBF2 and CrMYC2 fused with the cEYFP and nEYFP, respectively, and
were co-transformed into tobacco protoplasts and visualized using confocal microscope.
As a negative control, the CrMYC2-nEYFP and an empty cEYFP plasmid were also cotransformed into tobacco protoplasts.
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Figure 3.4 The homo-/hetero-dimerization between CrGBF1 and CrGBF2 in yeast
and plant cells. (A) Yeast two-hybrid assay demonstrated homo- hetero-dimerization of
CrGBF1 and CrGBF2. The plasmid harboring a GAL4 AD-CrGBF1 or CrGBF2 fusion
(CrGBF1-pAD or CrGBF2-pAD) was cotransformed with the CrGBF1-pBD or CrGBF2pBD plasmids. The transformants were grown in either double selection medium (SDLeu-Trp) or triple selection medium (SD-His-Leu-Trp). (B) Bimolecular fluorescent
complementation (BiFC) assay in tobacco protoplasts showing the homo- and heterodimerization of CrGBF1 and CrGBF2. CrGBF1 and CrGBF2 fused with the cEYFP and
nEYFP, respectively, were co-transformed into tobacco protoplasts and visualized using
confocal microscope. As a negative control, the CrGBF1-cEYFP, CrGBF2-nEYFP and an
empty nEYFP plasmid were also co-transformed into tobacco protoplasts.
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Figure 3.5 The transcriptional activities of the promoters of key structural and
regulatory genes in TIA pathway were repressed by CrGBFs. Protoplast transient
assays demonstrate that CrGBF1 and CrGBF2 either individually or in combination
repressed transcriptional activities of TDC, STR, G10H, ORCA3 and BIS1 promoters.
Schematic diagrams show the T/G-box elements in the promoters of TDC, STR, G10H,
ORCA3 and BIS1. The position of the T/G-box relative to the translation start site of each
promoter is indicated. TDC, STR, G10H, ORCA3, and BIS1 promoters fused to luciferase
reporter were electroporated into tobacco protoplasts either alone or co-transformed with
CrGBF1 and/or CrGBF2. A plasmid containing the β-glucuronidase (GUS) reporter,
controlled by the CaMV 35S promoter and rbcS terminator, was used as an internal
standard. Luciferase activity was normalized against GUS activity. Controls represent the
reporters without effectors. The values represent means ± standard deviation (SD) of
three biological replicates. Statistical significant was determined at P<0.05 by Student’s
T-test, and are indicated by *.
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Figure 3.6 CrGBFs repress the transactivation of CrMYC2 and competes with
CrMYC2 for binding to TIA gene promoters in tobacco protoplasts. (A) A TDC
promoter fused to the firefly luciferase reporter gene was electroporated into tobacco
protoplasts either alone or co-transformed with different combinations of CrMYC2,
CrGBF1, and CrGBF2. (B) Protoplast assay showed that the transactivation of the
mutated ORCA3 and TDC promoters by CrGBF1 TF. The mutant ORCA3 promoter fused
to the luciferase reporter was electroporated alone or with an effector plasmid CrGBF1
into tobacco protoplasts. A plasmid containins the β-glucuronidase (GUS) reporter,
controlled by the CaMV 35S promoter and rbcS terminator, was used as an internal
standard. (C) Protoplast transient assays showed that transactivation of ORCA3 promoter
is co-regulated by CrMYC2 and CrGBF1 in a dosage-dependent manner. The 0, 2, 4µg of
CrMYC2 (or CrGBF1) plasmid DNA were used for cotransformation with CrGBF1 (or
CrMYC2). (D) A STR promoter fused to the firefly luciferase reporter gene was
electroporated into tobacco protoplasts either alone or co-transformed with different
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combinations of CrMYC2, CrGBF1 and CrGBF2. All experiments were conducted in
triplicates. Data represent means ± standard deviation (SD) of three biological replicates.
Statistical significant were determined at P<0.05, and P<0.01, by Student’s T-test, and are
indicated by * and **, respectively.
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Figure 3.7 A model depicting the proposed CrMYC2-CrGBFs mediated regulation
of TIA biosynthetic pathway in C. roseus. The co-expression between CrMYC2 and
CrGBF TFs, acts as a regulatory module, not only to control ORCA activators (ORCA3)
and ZCT1/2/3 repressors directly, but also dynamically determine the expression levels of
key pathway enzymes of TIA biosynthesis, such as TDC (indole pathway), BIS1 (iridoid
pathway) and STR (initial TIA biosynthesis). Two CrGBF TFs are able to physically
interact with itself individually or each other to form homo- or heterodimerize before
binding to the T/G-box containing promoters (TDC, STR, ORCA3 and BIS1). As a
balancing strategy, the physical interaction between CrMYC2 and CrGBF proteins can
inhibit each other’s activity by forming a non-DNA binding structure to quantitatively
restore or maintain the basal expression of TIA targeted enzymes. Dashed lines represent
interactions that may be direct or indirect. Solid lines indicate potentially direct
interactions. Lines with arrows represent transactivation, and lines with bars represent
transrepression.
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Figure 3.8 Schematic representation of expression vectors used for generating and
the verification of transgenic status of hairy roots. (A) For overexpression, CrMYC2
was cloned in pKYLX71 (Schardl et al., 1987) vector containing CaMV35S promoter and
rbcS terminator. LB, left T-DNA border; npt II, neomycin phosphotransferase; nos,
nopaline synthase promoter; nos T, nos polyA; and RB, right T-DNA border. (B) Gene
specific primers amplified PCR products from T-DNA indicated the rol B, rol C, vir C
and npt II genes are presented in the empty vector (EV) control lines, 35S:: CrMYC2-OX,
transgenic hairy root lines. The PCR fragments of rol B gene (860 bp), rol C gene (620
bp), vir C (650 bp), npt II (798 bp) are indicated in parentheses. (C) Relative expression
level of CrMYC2 in two independent CrMYC2-OX, and empty vector (EV) control hairy
root line as determined by qRT-PCR. Ribosomal protein subunit 9 (RPS9) was used as
internal control. Data represent mean ± standard deviation (SD) of three replicates.
Stastistical significant were determined at <0.01 by Student’s T-test, and are indicated by
*.
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Figure 3.9 Amino acid sequence alignment of C. roseus GBF1 and GBF2. The
deduced amino acid sequence of CrGBF1 (accession no. AF084971) and CrGBF2
(accession no. AF084972) were aligned with each other. The proline-rich domain in subgroup G AtbZIPs is indicated by orange line and the characteristic residues in zinc- finger
motif are marked by green line.
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CHAPTER FOUR
Tanscriptomic analysis of ORCA3 transcription factor in Catharanthus roseus hairy
roots

Abstract
The APELATA 2/ethylene response factor (AP2/ERF) type transcription factor regulates
plant growth and development, senescence, and fruit ripening in different plant species.
In Catharanthus, ORCA3 (Octadecanoid- Responsive Catharanthus AP2 domain protein
3) is a master regulator that activates key pathway genes in the terpenoid indole alkaloid
(TIA) biosynthesis pathway. In addition, ORCA3 also coordinates with other regulators
to fine tune TIA biosynthesis. However, our knowledge how ORCA3 effects on the entire
TIA biosynthesis is incomplete. In this Chapter, a transcriptomic analysis of
overexpression (ORCA3-OX) and dominant repression (ORCA3-SRDX) of ORCA3 was
performed using Catharanthus hairy roots. Compared to an empty vector control,
differential gene expression analysis revealed that different expression patterns among
hairy root lines and also identified coexpressed gene clusters. KEGG pathway enrichment
and gene ontology (GO) analysis identified that ORCA3 affected plant hormone
biosynthesis, terpenoid related alkaloid biosynthesis and responses to various abiotic
stresses, secondary metabolite biosynthesis and phytohormonal signal transduction. A
comprehensive gene expression analysis of of TIA biosynthetic and regulatory factors
was performed, which revealed ORCA3 altered gene expression patterns across the TIA
pathway. Identification of candidate transcription factors which coexpress with ORCA3
might boost the TIA production in C. roseus or be used in metabolic engineering for
sustainable production of TIAs.
Key words: ORCA3; RNA-seq; TIA biosynthesis pathway, Tanscriptomic analysis;
Catharnathus roseus

Introduction
The APELATA 2/ethylene response factor (AP2/ERF) is a plant specific transcription
factor family. AP2/ERF factor are responsive to ethylene, various biotic and abiotic
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stresses, and plays a key role in plant growth, development, senescence, and fruit
ripening (Phukan et al., 2017).

In plants, the range of 119-200 AP2/ERF TFs are

classified into four subfamilies based on the differences of AP2 DNA binding domain
(Nakano et al., 2006). AP2/ERF TFs bind to the GCC-box and DRE/CRT cis-elements in
the promoter of target genes (De Boer et al., 2011). In addition, AP2/ERF TFs also bind
to other types of cis elements as response to different environmental stimulus (Müller and
Munné-Bosch, 2015; Gu et al., 2017; Mizoi et al., 2012; Welsch et al., 2007; Nakano et
al., 2006).
Plants synthesize a multitude of specialized metabolites. Plants have evolved unique
mechanisms to tightly regulate the synthesis of these metabolites. The expression of
AP2/ERF per se and its downstream targets are coordinately regulated to balance plant
growth and stress responses. In Catharanthus, ORCA3 (Octadecanoid Responsive
Catharanthus AP2-domain protein) is one of AP2/ERF TFs that acts as a master
regulator in the TIA biosynthesis. Overexpression of ORCA3 activates several key
pathway enzymes in the TIA pathway present in Catharanthus suspension cell cultures
(Van der Fits and Memelink 2000). ORCA3 binds to the GCC box-like elements in STR,
TDC, and CPR promoters to activate their expression. However, overexpressing ORCA3
did not activate the expression pattern of SGD, TDC, and CPR in hairy roots (Table 4.1;
Peebles et al., 2009).
Specialized metabolite biosynthesis is under tight regulatory control where the activators
and repressors act in concert to fine-tune TIA accumulation in C. roseus. The
coexpression of ORCA3 and ZCT repressors in hairy roots is one mechanism use to
modulate the increased activation of the TIA pathway by ORCA3 (Peebles et al., 2009).
To overcome the limited effects of overexpression of a single activator on TIA
accumulation, overexpression of ORCA3 with other key pathway enzymes has been
successfully used to increase TIA accumulation in Catharanthus.

For example,

coexpression of ORCA3 and SGD significantly increased serpentine, ajmalicine,
catharanthine, tabersonine accumulation in hairy roots (Sun and Peebles, 2015).
Overexpression of ORCA3 and G10H increased catharanthine accumulation in hairy
roots (Wang et al., 2010), but also increased the accumulations of strictosidine, vindoline,
catharanthine, and ajmalicine in a whole plant (Pan et al., 2012).
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Accumulating evidences indicate that ORCA3 functions in concert with other TIA
regulators to coodinately regulate TIA biosynthesis in Catharanthus. The basic HelixLoop-Helix (bHLH) TF, CrMYC2, was initially identified in Catharanthus as a regulator
of ORCA3. CrMYC2 transactivates ORCA3 by binding to the T/G-box in the jasmonateresponsive element (JRE) of the ORCA3 promoter (Zhang et al., 2011). CrMYC2 also
co-regulates TIA biosynthetic genes, such as tryptophan decarboxylase (TDC),
concomitantly with ORCA3 (Paul et al., 2017). Similar to ORCA3, another AP2/ERF TF
ORCA2 is also involved in activating key steps in the TIA pathway (Menke et al., 1999).
ORCA3 physically clusters with two other AP2/ERF TFs, ORCA4 and ORCA5 (Kellner
et al., 2015). Recently, the clustered ORCA TFs were demonstrated to regulate key steps
in the TIA pathway through overlapping and unique mechanisms (Paul et al., 2017). In
addition, bHLH iridoid synthesis 1 (BIS1), and BIS2, which act in a complementary
manner to ORCA3, are specifically involved in regulation of the iridoid pathway (Van
Moerkercke et al., 2015; Van Moerkercke et al., 2016). BIS1 and BIS2 are capable of
transactivating all seven genes encoding enzymes that catalyze the sequential conversion
of geranyl diphosphate to loganic acid (Van Moerkercke et al., 2015 and 2016).
However, the potential impact of ORCA3 on these newly identified TIA regulators has
not been thoroughly investigated.
To answer this question, I performed transcriptomic analysis of ORCA3-OX and
ORCA3-SRDX from transgenic Catharanthus hairy roots. After differential expression
analysis, I identified that 1303 and 785 genes that were upregulated and downregulated in
ORCA3 overexpression hairy root lines, respectively. In contrast, 1381 genes were
upregulated and 840 genes were downregulated by dominant repression of ORCA3 in
hairy root. In the ORCA3-OX transcriptome, KEGG pathway enrichment analysis
indicated that most DEGs are involved in the biosynthesis of plant hormones,
phenylpropanoids, terpenoids, and steroids, glycolysis, and photosynthesis pathways. In
addition, hierarchical cluster analysis divided DEGs into different gene clusters with
distinct expression patterns, with each cluster having genes enriched in different
metabolic pathways. Furthermore, the expression profile of TIA biosynthetic genes and
regulators were performed, which revealed ORCA3 not only significantly altered
previously identified targets (TDC, SLS, CPR, SGD), but also newly identified pathway
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genes (MECS, 10HGO, T16H, OMT, T3O, T3R) and transcriptional regulators (GBF1,
ORCA4, ORCA5, BIS1). Finally, I also identified three candidate transcription factors
which were JA inducible and coexpressed with ORCA3 which might be involved in TIA
biosynthesis in C. roseus. Taken together, our results provide a global investigation of
ORCA3 function in JA signaling pathway. Newly identified transcription factors will
continue to shed light on TIA biosynthesis in Catharanthus.

Materials and methods
Plant materials, isolation of full-length cDNA clone
Catharanthus roseus ‘Little Bright Eyes’ (NE Seed Commercial & Garden) seeds were
surface sterilized and germinated on half-strength Murashige and Skoog (MS) basal
medium in the dark at 28°C for 48 hours. Germinated seeds were transferred and grown
in at ambient temperature under a 24 h light photoperiod in a tissue culture room. Twoweek-old seedlings were used for total RNA isolation. Total RNA was isolated using a
RNeasy Plant Mini Kit according to the instructions (Qiagen). The full-length cDNA of
the ORCA3 gene (AJ251249) was amplified using first-strand cDNA synthesized from
RNA isolated from MeJA-induced seedlings by gene-specific primers with suitable
enzyme restriction sites (ORCA3-Mfe I F and ORCA3-Xho I R) (Table 4.4) and cloned
into the pGEM-T Easy vector (Promega) confirmed by sequencing.

Plasmid construction and hairy root transformation
The full-length cDNA of ORCA3 PCR product was digested with Mfe I and Xho I and
cloned into the plant transformation vector pKYLX71 under the control of the CaMV
35S promoter and the rbcS terminator (Schardl et al., 1987). The sequence encoding the
SRDX repressor domain (LDLELRLGFA) was fused to the C-terminal end of ORCA3.
Plasmids were mobilized into Agrobacterium rhizogenes strain R1000 by the freeze-thaw
method. Hairy root transformation with A. rhizogenes was conducted as previously
described (Choi et al., 2004; Suttipanta et al., 2011). Briefly, the roots of two-week-old
seedlings were removed by scalpel and immersed in an Agrobacterium suspension for 45
min. Explants were cultivated on half- strength MS medium and kept at 28°C in the dark
for 2 days. After that, explants were rinsed with half-strength MS basal solution
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containing 800 mg/L cefotaxime and transferred to half-strength MS basal medium
containing 400 mg/L cefotaxime. The newly generated roots, usually protruding from the
cut area of explants, emerged in roughly three weeks. The resulting root tips were cut off
and selected on one-third-strength Schenk and Hilderbrandt (SH) (Phytotechnology
Laboratories) basal medium with kanamycin (100 mg/L) and cefotaxime (400 mg/L). The
culture medium (1 L) contained 1.07 g of Schenk and Hidebrandt salts and 0.112 g of B5
vitamins (Phytotechnology Laboratories), 30 g of sucrose, 10 g of select agar (Invitrogen,
USA). All root tips were grown under sterile tissue culture conditions. The actively
growing hairy root lines were selected and cultured in a sterile one-third strength SH
solution in a 250mL flask on a shaker at 30 rpm in the dark at room temperature. After
two weeks, the actively growing hairy roots were collected, immediately frozen with
liquid nitrogen, and stored in -80ºC for metabolite measurements and gene expression
analyses.

RNA extraction, cDNA synthesis and quantitative RT-PCR
In order to compare the transcriptomic differences between ORCA3 overexpression
(ORCA3-OX), ORCA3 repression (ORCA3-SRDX) and empty vector (EV) control lines,
actively growing hairy roots of Catharanthus expressing ORCA3-OX, ORCA3-SRDX
and EV control lines were selected to isolate total RNA. RNA isolation using the RNeasy
Plant Mini Kit was performed according to the user’s manual (Qiagen). RNA quantity
was determined by a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies).
2µg of RNA was used for DNase I digestion. Synthesis of first strand cDNA was conduct
using Superscript II Reverse Transcriptase (Invitrogen) with a total volume of 20 μl
(Suttipanta et al., 2007). The comparative threshold cycle method was used to measure
the transcript levels. All primers used for qRT-PCR were listed in Table 4.5. The C.
roseus 40S Ribosomal Protein S9 (RPS9) gene was used as an internal control to
normalize the amount of total mRNA in all samples. All PCRs were conducted in
triplicates and error bars represent ±S.D. of three replicates. Significant difference among
different transgenic lines were determined at P<0.05 and <0.01 by Student’s T-test, and
are indicated by * and **, respectively.
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Transgenic status analysis
To verify the transgenic status of ORCA3-OX, ORCA3-SRDX and EV control lines, the
gene-specific primer pairs based on Ri T-DNA and pKYLX71 plasmids were used to
amplify the rol B, rol C, vir C, and kanamycin genes (Figure 4.1). The Ri T-DNA
containing root locus gene rol B and rol C has the ability for hairy root formation (Choi
et al., 2004). For each gene, 1 μl of cDNA of each independent line was used in the PCR
reaction with appropriately primer pairs to detect the corresponding transcripts. The PCR
reaction was performed in a total volume of 20 μl using GoTaq green master mix
(Promega) for 30 cycles (94 °C for 30s, 55 °C for 30 s, 72 °C for 1.5 min). PCR products
were analyzed on a 1% ethidium bromide-stained agarose gel.

RNA sequencing library preparation and illumina sequencing
Construction of RNA sequencing libraries was conducted with 2µg of total RNA
following previously reported protocol (Hunt, 2015). There are three main steps for
RNA-seq library preparation: RNA preparation, cDNA synthesis, and PCR amplification.
Initially, the quality of the RNA samples was assessed with Agilent 2100 Bioanalyzer
(Agilent Technologies) and samples with RNA integrity number (RIN) larger than 8 were
used for RNA library preparation. Total RNA was poly (A) enriched by oligo (dT) beads
(NEB, USA) and fragmented by heat digestion method. For cDNA synthesis, the primers
consisting of Illumina specific sequence, unique barcodes and random hexamer at the 3’
end were used to reverse transcription and a strand switching primer with Illumina
sequencing adaptor was used to add the second Illumina sequencing adaptor to the cDNA
(Clontech, USA) and followed by two rounds of AMPure selection (Beckman Coulters,
USA) to purify the cDNA. After that, the cDNA was used for polymerase chain reaction
amplification and the subsequent products were subjected to gel purification and size
selection (400-500bp). The gel-purified samples were amplified again and followed by
one additional round of AMPure purification. The quality of RNA-seq libraries were
evaluated by Agilent high-sensitivity DNA chips (Agilent Technologies, USA) and
quantified by the Qubit fluorometer with Qubit dsDNA HS assay kit (Life Technologies,
USA). Equal amount libraries were pooled and sequenced using Illumina Hiseq 2500
platforms. Deep sequencing was performed on triplicates for each individual hairy root
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line for a 50 cycle single end run. The data quality was checked at the Sequencing and
Genotyping Center at the Delaware Biotechnology Institute at the University of Delaware
and sequencing reads were provided as in FASTq format. Demultiplexed, adapter and
barcode sequences trimming on the CLC Genomics Workbench version 8.0 (CLC bio.,
2015) following the user’s manual.

Differential gene expression and functional annotation
Reads were mapped to a Catharanthus annotated transcriptome available from Medicinal
Plant Genomics Resources (Kellner et al., 2015). The estimation of the abundance RPKM
(Reads Per Kilobase of transcript per Million mapped reads) were conducted using the
CLC Genomics Workbench version 8.0 (CLC bio., 2015) following the user’s manual.
The mapping parameters were set as default and at least 80% of the bases were required
to align to the reference. The differential expression genes (DEGs) were identified by
edgeR software (Robinson and Smyth, 2008) with the two following standards: log2 foldchange ≥1 and a cutoff of false discovery rate (FDR) ≤0.05. Pair-wise Pearson correlation
coefficients for each transcript were calculated using RPKM.

Matrix distances for

expression heat-map were computed over Pearson correlations of gene expression values
(RPKM) by heatmap.2 function of gplots (version 3.0.1) Bioconductor package in R
(version 3.2.2) (Wickham, 2016). Transcript sequences from the annotated Catharanthus
transcriptome database were blast with Arabidopsis thaliana peptide sequences using
BLASTX (cutoff e-value ≤ 1e-10). Sequences of A. thaliana were downloaded from
RefSeq (http://www.ncbi.nlm.nih.gov/refseq).
orthologues

was

uploaded

to

DAVID

The BLAST result of Arabidopsis
Bioinformatic

Resources

6.7

(https://david.ncifcrf.gov/) (Huang et al., 2009a, b) for gene ontology (GO) and
enrichment analysis. To identify potential CrMYC2 regulated transcription factors, a
FASTA file of Catharanthus transcripts of all DEGs were submitted to PlantTFcat server
(Dai et al., 2013) to identify and classify these potential transcription factors (cutoff evalue ≤ 1e-04).

Result and Discussion
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RNA-sequencing and deferential gene expression analysis of ORCA3-OX and
ORCA3-SRDX transcriptomes
To check the transgenic status of six transgenic hairy root lines for RNA sequencing, I
performed RT-PCR by using gene specific primers (Table 4.4). The presence of both
pKYLX71 T-DNA and Ri plasmid T-DNAs in each individual ORCA3-OX, ORCA3SRDX and EV control hairy root lines were verified (Figure 4.1). The expression level
of ORCA3 for each individual transgenic hairy root lines was determined by qRT-PCR.
RNA of each sample was then used for RNA-seq. For each transgenic hairy root line,
three replicated sequencing libraries with distinct barcodes were constructed. Then equal
amount of each library from the same transgenic status were mixed as one sample for
RNA sequencing. After quality control, the generated total read numbers of each sample
(EV control, ORCA3-OX and ORCA3-SRDX) were 87,310,335, 126,088,913,
78,171,090, respectively (Table 4.6). After demultiplexing and trimming of barcode
nucleotides, each replicate (EV, ORCA3-OX, and ORCA3-SRDX) was represented by an
average more than 12 million reads (average length of each read is 46 nts) (Table 4.7)
and a range of 41%-55% of the total reads were successfully mapped to the MPGR
Catharanthus transcriptome (Table 4.8).
DEG analysis identified 2088 (1303 upregulated and 785 downregulated), and 2221
(1381 upregulated and 840 downregulated) DEGs in ORCA3-OX and ORCA3-SRDX
lines, respectively (Figure 4.2). The large number of DEGs in the two lines suggests
ORCA3 plays a significant role in controlling gene expression in Catharanthus. As a
master regulator of the TIA biosynthetic pathway in Catharanthus, ORCA3 not only
directly binds to and transactivates key TIA gene promoters, but also indirectly influence
the transcriptional regulatory network and different branches of TIA biosynthesis.
To gain further insight into these DEGs, I compared the overlapping of DEGs between
ORCA3-OX and ORCA3-SRDX samples. The Venn diagram showed that 729 DEGs
overlapped between the two lines (Figure 4.2). The overlap percentage was 35% for
ORCA3-OX and 33% for ORCA3-SRDX. I then compared ORCA3-OX upregulated and
downregulated DEGs with CrORCA3-SRDX upregulated and downregulated DEGs. The
results shown that most of the total 729 DEGs were identified in the two comparisons:
ORCA3-OX upregulated DEGs versus ORCA3-SRDX upregulated DEGs (337 in
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common) and ORCA3-OX downregulated DEGs versus ORCA3-SRDX downregulated
DEGs (308 in common) (Figure 4.2). In contrast, the comparisons of ORCA3-OX
upregulated DEGs versus ORCA3-SRDX downregulated DEGs and ORCA3-OX
downregulated DEGs versus ORCA3-SRDX upregulated DEGs shown only 40 and 44
DEGs in common, respectively (Figure 4.2). A large proportion of DEGs were shared in
upregulated or downregulated DEG groups in both overexpression and repression lines,
indicating that the biological function of ORCA3 can be achieved through indirect
activation or indirect repression.

Overexpression and repression of ORCA3 effects the expression of genes related to
photosynthesis, different secondary metabolic pathways, sucrose biosynthesis and
carbon metabolism
To identify the expression patterns of the 729 DEGs in shared between ORCA3-OX and
ORCA3-SRDX lines, a hierarchical clustering analysis was performed. The total 729
DEGs were classified into six distinct coexpression clusters (Figure 4.4). Cluster1
(n=159) included the genes are upregulated in both ORCA3-OX and ORCA3-SRDX
lines, but more pronounced in ORCA3-OX lines, which were mainly involved in the
process of DNA-templated transcription regulation. KEGG pathway enrichment analysis
indicated that some of genes were also functional in plant pathogen interaction signaling
pathway. One orthologue WRKY33 (AT2G38470) in Arabidopsis functions in regulating
the antagonistic relationship between JA and salicylic acid signaling cascades. Mutated
WRKY33 plant showed increased susceptibility to the necrotrophic fungal pathogens and
reduced JA regulated gene expression, whereas overexpression of WRKY33 increases
resistance to necrotrophic fungal pathogens (Zheng et al., 2006). The DEGs involved in
cluster 2 (n = 61), were slightly decreased in ORCA3-OX but significantly upregulated in
the ORCA3-SRDX line (Figure 4.4). This cluster included genes encoding peroxidase,
kinase proteins, as well as those involved in response to toxic substances (Figure 4.4).
Some genes of the phenylpropanoid biosynthetic pathway were also enriched in this
cluster. For instance, peroxidase superfamily protein (AT4G33420) is related to
lignification of vessels and differentially expression in different tissues and organs in
Arabidopsis (Tokunaga et al., 2009). The most DEGs were found in cluster 3 (n=141).
112

Cluster 3 DEGs were significantly repressed in both ORCA3-OX and ORCA3-SRDX
lines, suggesting ORCA3 indirectly repressed the expression of these genes. These genes
are mainly involved in photosynthesis processes, monoterpene biosynthesis, and Ltryptophan biosynthesis. For example, ATPC1 (AT4G04640) encoding the gamma
subunit of Arabidopsis chloroplast ATP synthase which function in ATP synthesis in
photosynthesis (Kohzuma et al., 20112). In Arabidopsis, overexpression of monoterpene
synthase TPS23/27 increases monoterpene accumulations (such as a-pinene, b-pinene,
sabinene, myrcene, limonene, 1,8-cineole) and result in the susceptibility to the soil
pathogen Verticillium longisporum (Roos et al., 2015). In addition, the gene
TRYPTOPHAN SYNTHASE BETA-SUBUNIT 2 (TSB2, AT4G27070) is involved in
tryptophan biosynthesis. In Catharanthus, tryptophan is the precursor for tryptamine and
subsequently TIA biosynthesis. Reduced expression of TIA precursor biosynthesis is
presumably the reason for previous unsuccessful attempts to improve TIA production in
hairy root overexpressing ORCA3. The DEGs in this cluster are responsive to cadmium
ion, cold, wounding, cytokinin, as well as regulatory proteins, such as RUBISCO
ACTIVASE (AT2G39730), is involved in jasmonate-induced leaf senescence (Shan et
al., 2011). DEGs in cluster 4 (n=64) represents genes positively regulated by ORCA3.
ORCA3 overexpression strongly activates their expression, while ORCA3-SRDX
repressed or permitted only basal level gene expression. The genes were mainly involved
in gluconeogenesis, sucrose biosynthesis, carbon metabolism, and response to water
deprivation and hypoxia. For instance, UDP-glucose 4-epimerase 2/4 (UGE2/4) is
involved in the regulation of cell wall carbohydrate biosynthesis by determining cell wall
galactose content in Arabidopsis (Rösti et al., 2007). DEGs in cluster 5 (n = 137), while
activated in both ORCA3-OX and ORCA3-SRDX, were more highly expressed in
ORCA3-SRDX than ORCA3-OX (Figure 4.4). This cluster includes genes involve in the
metabolic process for fatty acid elongation process and ethylene-activated signaling
pathway. In Arabidopsis, 3-KETOACYL-COA SYNTHASE 1/4 (KCS1/4, AT1G01120
and AT1G19440) function in fatty acid elongation processes leading to cuticular wax and
suberin biosynthesis (Millar et al., 1999). The expression profile of DEGs in cluster 6
(n=167) shown a significantly reduced expression in both ORCA3 lines. The most
pronounce feature of this cluster was that the genes were involved in pyruvate
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metabolism, biosynthesis of antibiotics, secondary metabolite biosynthesis, and metabolic
pathways, including jasmonic acid biosynthesis, ascorbic acid biosynthesis, flavonoid
metabolism, and nitrogen metabolism. In aspect of biological process, these genes are
response to various abiotic and biotic stimuli, such as oxidation-reduction, salt stress,
bacterium defense, cold, jasmonic acid and ethylene-dependent systemic resistance. For
example, 12-OXOPHYTODIENOATE REDUCTASE 2 (OPR2) is involved in the
biosynthesis oxylipin signaling molecules in Arabidopsis. This gene is also responsive to
wounding, cold and heat stresses (Beynon et al., 2009). Arabidopsis phosphomannose
isomerase 1 (PMI1, AT3G02570) encodes a protein with phosphomannose isomerase
activity and is required for ascorbic acid biosynthesis (Maruta et al., 2008). In addition,
CHLOROPHYLLASE 2 (CLH2, AT5G43860) encodes chlorophyllase for chlorophyll
degradation and is involved in plant damage control, modulating different plant defense
pathways, and is required for the initial stages of leaf senescence (Kariola et al., 2005;
Zhou et al., 2007). Taken together, my results demonstrated that ORCA3negatively
affects photosynthesis, tryptophan biosynthesis, monoterpene biosynthesis, but positively
regulates plant pathogen interaction, sucrose biosynthesis, and carbon metabolism in
Catharanthus.

Overexpression ORCA3 positively regulates on the expression of genes related to
jasmonic acid biosynthesis, plant phytohormonal signal transduction, and
monoterpenoid biosynthesis
I then analyzed the DEGs (n=1354) uniquely regulated by ORCA3 overexpression. To
further investigate the ORCA3 specific responses, I divided these genes unique to
ORCA3 overexpression, based on up- or down-regulation.

Upon ORCA3

overexpression, 921 and 433 DEGs were upregulated and 4 downregulated, respectively.
I performed a hierarchical clustering analysis to invesstigate the expression patterns of
these two sets of DEGs. As shown in Figure 4.4, this analysis divided DEGs into two
clusters. DEGs only showed significantly differential expression in the ORCA3-OX line.
In cluster A, these DEGs were repressed in responses to ORCA3 overexpression. These
genes are mostly involved in various flavonoid biosynthetic process, metabolic process,
and flavonoid glucuronidation process, as well as in response to abiotic stresses including
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the heavy metal cadmium, cytokinin, cold, salt stress, heat and UV light. For instance,
one orthologue gene TRANSPARENT TESTA 5 (TT5, AT3G55120) converts chalcones
into flavanones during the flavonoid biosynthetic process in Arabidopsis (Pourcel et al.,
2013). Importantly, many genes were enriched for biosynthesis of monoterpenoid,
terpenoid backbone, and phytochemical compounds. For example, GERANYL
(GERANYL) DIPHOSPHATE SYNTHASE 11 (GGPPS11, AT4G36810) encodes a
plastid-localized enzyme geranylgeranyl diphosphate synthase, which is a key enzyme
for the biosynthesis of most photosynthesis-related plastid isoprenoids (Ruiz-Sola et al.,
2016). In addition, dimethylallyl diphosphate isomerase (IPI), another essential enzyme
in isoprenoid biosynthesis in the MVA pathway, maintains appropriate levels of IPP and
DMAPP in different subcellular compartment in plant (Okada et al., 2008). In contrast to
previous studies, the negative effects of ORCA3 on monoterpenoid biosynthesis provide
a new perspective to the function of ORCA3 on TIA biosynthesis. In addition, I also
found that various pathways related to glycan biosynthesis and metabolism and lipid
metabolism were decreased in overexpression ORCA3 condition.
DEGs in cluster B were positively regulated by ORCA3 and showed increased expression
in the ORCA3 overexpression line. GO analysis indicated these genes were largely
related to DNA templated transcription and regulation and response to diverse biotic and
abiotic stress processes, including wounding, defense response, oxidation-reduction,
protein ubiquitination, oxidative stress, protein phosphorylation, and different
phytohormone signaling pathways. In regard to metabolite processes, various plant
metabolite biosynthesis pathway genes were included in this cluster, including cysteine
biosynthesis (AT4G14880), trehalose metabolism (AT2G18700), tetrahydrofolate
biosynthesis

(AT2G16370)

and

Glycolysis

/

Gluconeogenesis

(AT4G23730,

AT1G56190; AT1G22430). One orthologue of CYP77A4 (AT5G04660), a cytochrome
P450 domain protein, was identified in this cluster. This gene can work with epoxide
hydrolases and hydroxylases to produce compounds involved in plant-pathogen
interactions (Sauveplane et al., 2009). In addition, some of these DEGs were also
involved in phytohormone mediated plant growth and development. For instance,
sphingosine kinase (SPHK) (AT4G21540) works together with phospholipase Dα1
(PLDα1) in response to ABA to mediate stomatal closure in Arabidopsis (Guo et al.,
115

2012). An orthologue to a type III phosphatidylinositol-4-kinase (PI4Kβ1, AT5G64070)
is associated with the accumulation of salicylic acid in Arabidopsis. The double mutant of
two PI4K genes, pi4kIIIβ1β2, results in over-accumulation of salicylic acid and displays
a stunted growth phenotype (Sašek et al., 2014; Janda et al., 2014). Adenine
Phosphoribosyl Transferase 1 (APT1, AT1G27450) catalyzes cytokinin conversion from
nucleobases to nucleotides. The apt1 mutant results in over-accumulation of cytokinin
and delays leaf senescence and anthocyanin accumulation in Arabidopsis (Zhang et al.,
2013). Importantly, I also found genes related to JA biosynthesis were upregulated in the
ORCA3 overexpression line. OPC-8:0 COA LIGASE1 (OPCL1, AT1G20510) plays an
essential role in the initiation of JA biosynthesis and its expression activates the response
to wounding and infection (Kienow et al., 2008). The gene LIPOXYGENASE 3 (LOX3,
AT1G17420), encodes a lipoxygenase with the ability to catalyze the oxygenation of
fatty acids, increases the biosynthesis of JA in Arabidopsis (López-Cruz et al., 2014).
Another gene named VITAMIN E DEFICIENT 4 (VTE4, AT1G64970) is involved in γtocopherol accumulation in leaves. Salt stressed vte4 mutants show downregulation of
JA and ethylene signaling pathways in mature leaves (Cela et al., 2011).

Repression of ORCA3 influenced the expression of genes related to the spliceosome,
phenylpropanoid biosynthesis, and the ribosome
I also compared DEGs unique to the ORCA3-SRDX line. 1492 genes were differentially
expressed in the ORCA3-SRDX sample (Figure 4.2). Hierarchical clustering analysis
classified these DEGs into two distinct clusters (Figure 4.4). DEGs in cluster C (n=1000)
were upregulated in the ORCA3-SRDX line. Cluster C was enriched for genes related to
phenylpropanoid biosynthesis and the spliceosome. These genes are responsive to protein
ubiquitination, abscisic acid responses, oxidative stress responses, and wounding
responses. For instance, 4-COUMARATE: COA LIGASE 3 (4CL3, AT1G65060) is
involved in the last step of the general phenylpropanoid pathway (Li et al., 2015).
Another phenylpropanoid pathway related gene was PEROXIDASE 64 (PRX64,
AT5G42180). This gene encodes a peroxidase superfamily protein and its expression is
associated with lignification of sclerenchyma cells (Tokunaga et al., 2009). In terms of
genes related to the spliceosome, one gene is an orthologue of REGULATOR OF CBF
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GENE EXPRESSION 1 (RCF1, AT1G20920). RCF1 is a cold-inducible RNA helicase
that functions in pre-mRNA splicing for cold-responsive gene regulation and
establishment of cold tolerance in plants (Guan et al., 2013). In addition, another gene
RNA-BINDING PROTEIN 25 (RBM25, AT1G60200) also plays an essential role in premRNA splicing and ABA response (Zhang et al., 2015).
Expression of genes in Cluster D (n = 492) were reduced in the ORCA3-SRDX line,
albeit the degrees of repression varied (Figure 4.4). Cluster D genes affected
phenylpropanoid biosynthesis and carbon metabolism. Cluster D genes were mainly
responsive to cadmium, salt stress, and cold, and involved in translation and oxidationreduction processes. For instance, BETA GLUCOSIDASE 46 (BGLU46, AT1G61820) is
involved in the phenylpropanoid pathway. The bglu46 mutant increases coniferin content,
but decreases accumulation of glucosylated compounds in Arabidopsis (Chapelle et al.,
2012). In addition, PEROXIDASE 52 (PRX52, AT5G05340) is related to lignin
biosynthesis. Loss of function of this gene alters the lignin composition and
downregulates the expression of lignin biosynthetic genes (Fernández-Pérez et al., 2015).
Some genes related to carbon metabolism included GLYCERALDEHYDE-3PHOSPHATE DEHYDROGENASE C-2 (GAPC2, AT1G13440), SUCCINATE
DEHYDROGENASE 2-2 (SDH2-2, AT5G40650) and two CITRATE SYNTHASES
(CSY2 and CSY4, AT3G58750 and AT2G44350), were reduced in the ORCA3-SRDX
line. Analysis of genes enriched for specific pathways revealed that many of these
downregulated genes were ribosomal proteins. For example, RIBOSOMAL PROTEIN
S6 (RPS6, AT4G31700) is essential for plant growth and interacts with AtHD2B to
change the chromatin structure of rDNA to connect the rapamycin kinase pathway to
rDNA transcription and ribosome biogenesis in Arabidopsis (Creff et al., 2010; Kim et
al., 2014). The ABA-REGULATED RNA-BINDING PROTEIN 1 (ARP1, AT3G54770)
responsed to ABA or abiotic stresses and effects ABA-regulated seed germination (Jung
et al., 2013).
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The expression pattern of TIA biosynthetic genes and transcriptional regulators in
ORCA3 transcriptomes
To investigate the effect of ORCA3 on the expression of structural and regulatory genes
in the TIA pathway, I measured the transcript levels of EV control, ORCA3-OX,
ORCA3-SRDX lines using qRT-PCR (Figure 4.10). In the MEP pathway, expression of
MECS and HDR were significantly upregulated, whereas GPPS expression level was
downregulated in ORCA3-OX hairy roots. Expression of CMK, CMS, MECS, and HDR
was increased by 11-36% in ORCA3-OX hairy roots. However, as a potential strategy to
counterbalance such up-regulation, expression of DXS was dramatically decreased by
47% (Figure 4.10).
I next measured the expression of structural genes in the iridoid pathway. Expression of
two iridoid pathway genes, CPR and 10HGO, were increased by 62% and 31%,
respectively, in ORCA3-OX hairy roots.

Expression of other iridoid branch genes,

including GES, G10H, IRS, IO, and 7-DLH, were not significantly altered in ORCA3OX hairy roots when compared with the EV control (Figure 4.10). In addition, ORCA3
overexpression significantly repressed the expression of 7-DLGT and LAMT by 20% and
21%, but the expression of SLS was 1.5-fold higher than the control (Figure 4.10). In
ORCA3-SRDX hairy roots, expression of 7-DLH was significantly increased when
compared with the EV control.
I then measured the expression of structural genes in the indole pathway. TDC expression
was significantly increased by 55% in ORCA3-OX hairy roots. In contrast, STR was not
significantly altered in ORCA3-OX hairy roots. Inconsistent with the STR result,
previous work has demonstrated ORCA3 transactivates STR expression in plant
suspension cell cultures (van der Fits and Memelink, 2000). In addition, expression of
SGD was 1.2-fold higher in ORCA3-OX hairy roots than the EV control. The reduced
expression of TDC and SGD in ORCA3-SRDX hairy roots further indicates these two
genes might be directly controlled by ORCA3. I also measured the expression of genes
involved in vindoline biosynthesis in the EV control, ORCA3-OX, and ORCA3-SRDX
hairy root lines. Overexpression of ORCA3 decreased the expression of T16H, OMT,
and NMT by 80%, 59%, and 16%, respectively (Figure 4.10). Similarly, expression of
these three enzymes was also significantly decreased by 94%, 58%, and 17%,
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respectively, in ORCA3-SRDX hairy roots. Overexpression of ORCA3 increased the
expression of T3O by 44%, whereas its expression decreased by 21% in the ORCA3SRDX hairy roots. Expression of T3R was increased by 44% and 40%, respectively, in
both ORCA3-OX and ORCA3-SRDX hairy root lines.
I was also interested to know the expression profile of all TIA biosynthesis regulators
across the two different ORCA3 hairy root lines. 2D7 and 2D173, two AT-hook proteins,
have weak transactivation activity on the JRE region of ORCA3 promoter (Vom Endt et
al., 2007). Expression of 2D7 was increased by 62% in ORCA3-OX hairy roots, whereas
expression of 2D173 was significantly increased by 16% in ORCA3-SRDX hairy roots
(Figure 4.10). Expression of three ZCT proteins was not altered in OCRA3-OX hairy
roots. However, the expression of ZCT1, ZCT2, and ZCT3 were significantly decreased
by 90%, 58%, and 63%, respectively, in ORCA3-SRDX hairy roots. ZCTs are known to
bind TDC and STR promoters in Catharanthus cell lines, presumably as a counter
response to the expression of ORCA3 (Pauw et al., 2004; Peebles et al., 2009). The
expression of CrGBF1 was significantly upregulated in both ORCA3-OX and ORCA3SRDX hairy root lines. In contrast, CrGBF2 was not significantly altered in ORCA3-OX
and ORCA3-SRDX hairy roots when compared to the EV control (Figure 4.10). CrGBF1
and CrGBF2 repress the expression of several TIA biosynthetic genes by binding to their
promoters (Sibéril et al., 2001). In addition, expression of BPF1, a positive regulator of
STR, was increased by 19% in ORCA3-SRDX hairy roots.
Recently, ORCA4 and ORCA5 were identified as regulator of the TIA pathway and have
partially overlapping functions with ORCA3 (Paul et al., 2017). In line with this
observation, my results showed that the expressions of ORCA4 and ORCA5 were not
change and was repressed (ORCA5) by 39% in ORCA3-OX hairy roots, respectively.
Moreover, expression of these two regulators was significantly upregulated in the
ORCA3-SRDX hairy root line (Figure 4.11). The expression pattern of these two
ORCAs depends on ORCA3, further confirming their partially overlapping function
(Paul et al., 2017). In addition, BIS1, acts in a complementary manner to ORCA3, and
specifically regulates the iridoid pathway (Van Moerkercke et al., 2015). Expression of
BIS1 was significantly reduced in ORCA3-OX hairy roots but, did not result in a change
in the expressions of iridoid branch genes. Also, the expression of iridiod pathway genes
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were not altered in the ORCA3-SRDX hairy roots, despite expression of BIS1 being
significantly upregulated by 59%. This suggests the complementary effect of BIS1
depends on the function of ORCA3 (Figure 4.11).

Identification candidate ORCA3 positively regulated targets and potential
transcription factor(s) regulating TIA biosynthesis
To identify the potential genes which were positively regulated by ORCA3, I chose three
GO enriched biological processes for further investigation. The three aspects as follows:
response to abiotic stimulus, response to hormone stimulus, and secondary metabolic
process (Figure 4.5). In each biological process, hierarchical clustering analysis showed
that all these selected genes were upregulated only in ORCA3-OX lines, suggesting these
genes were positively regulated by ORCA3 (Figure 4.6, Figure 4.7 and Figure 4.9). In
addition, I also found that overexpression of ORCA3 differntiated gene expression of
different phytohormone signaling cascades (Figure 4.8). This results provided us new
information that ORCA3 might act as a mediator to coordinate different phytohormomes
to control the TIA biosynthesis in Catharanthus.
To identify potential transcription factor(s) which might involve in TIA biosynthesis
regulation, I focused on identifing potential transcription factor(s) co-expressed with
ORCA3 by mining the ORCA3 transcriptomes. Expression of a bHLH TF (CrbHLH1)
and two AP2/ERF TFs (CrERF2 and CrERF3) were selected and analyzed by qRT-PCR
(Figure 4.12). Expression of these three TFs was significantly upregulated and
downregulated in ORCA3-OX and ORCA3-SRDX hairy root lines, compared with the EV
control, indicating these TFs might be directly controlled by ORCA3 and possibly
involved in regulation of TIA biosynthesis (Figure 4.12). To further confirm this possible
connection, I also measured the expression levels of these genes after JA treatment. As
expectated, expression of these three TFs dramatically increased after 24 hour of JA
induction, suggesting they are late-response genes in the JA signaling cascade (Figure
4.12). I also performed co-expression analysis of key TIA pathway genes and regulators
in different tissues including young leaf, mature leaf, roots, and flowers using C. roseus
transcriptomes available from the Medicinal Plants Genomics Resource (MPGR)
(SRA030483). The heat map shows the three TFs individually grouped into distinct
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clusters: bHLH TF CrbHLH1 was grouped with ORCA1 and BPF1; the AP2/ERF TF
CrERF2 was clustered with genes related to vindoline biosynthesis, T16H1, PRX1; the
other AP2/ERF TF CrERF3 clustered with GBF2 (Figure 4.13). Taken together, our
results suggest that these three JA inducible TFs may be indirectly regulated by ORCA3
and might regulate different branches of TIA biosynthesis.

Conclusion
My findings provide insights into global transcriptomic changes stimulated by ectopically
expressing a dominant and repressive form of ORCA3 in Catharanthus hairy roots. The
identification and functional annotation of DEGs revealed that ORCA3-OX and ORCA3SRDX had distinct effect on primary as well as secondary metabolic pathways in
Catharanthus. Genes were differential expressed in both ORCA3-OX and ORCA3SRDX transcriptomes were enriched in photosynthesis, secondary metabolic pathways,
sucrose biosynthesis and carbon metabolism. In comparison, overexpression ORCA3
regulates the expression of genes related to jasmonic acid biosynthesis, plant
phytohormonal signal transduction, and monoterpenoid biosynthesis. In addition,
ORCA3-SRDX influences the expression of genes related to the spliceosome,
phenylpropanoid biosynthesis, and the ribosome.
ORCA3, acting as a master regulator of TIA biosynthesis, influences key TIA pathway
gene expression. In this study, my results showed that, in addition to previously identified
targets, ORCA3 has a regulatory effect on other genes from different branches of the TIA
pathway (Figure 4.10). Interestingly, transcriptomic analysis also indicates ORCA3
effects jasmonic acid biosynthesis and protein ubiquitination related processes. This
context provides a broader picture to understanding the role of ORCA3 in the JA
signaling pathway.
Identification of new TFs regulating TIA biosynthesis is not only crucial to boost TIA
accumulation in Catharanthus, but also provides a useful tool for metabolic engineering
of sustainable TIA production in other Catharanthus planform in the future. I identified
three transcription factors that are highly upregulated in the ORCA3-OX line, but
significantly downregulated in ORCA3-SRDX line. The expression pattern of these TFs
is consistent with other TIA transcriptional regulators and clustered into different clads in
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a coexpression analysis, suggesting these TFs are potentially involved in TIA
biosynthesis (Figure 4.12 and Figure 4.13). Experimental verification of the roles of
these genes in the TIA pathway by generating transgenic hairy roots and analyzing
metabolite levels are required.
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Table 4.1 Summary of the expression profiles of ORCA3 induced TIA pathway
enzymes and regulators in different Catharanthus roseus transgenic systems
Genes
Cell Culture
Hairy Root
Plant
+
+
+
ASα
+
No change
+
TDC
+
+
No change
DXS
+
No
change
Not reported
CPR
No change
No change
Not reported
G10H
Not reported
+
Not reported
SLS
+
+
+
STR
+
Not reported
SGD
Not reported
Not reported
+
D4H
Not reported
+
Not reported
ZCTs
Not reported
No change
Not reported
GBFs
Not reported
No change
Not reported
ORCA2
Data sources: van der Fits et al., 2000; Peebles et al., 2009; Wang et al., 2010; Pan et al.,
2012. + means increase; - means decrease.
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Table 4.2 The KEGG pathway enrichment analysis of the DEGs from ORCA3-OX
versus the EV control
Pathway
Biosynthesis of plant hormones
Biosynthesis of phenylpropanoids
Biosynthesis of terpenoids and steroids
Biosynthesis of alkaloids derived from terpenoid and
polyketide
Biosynthesis of alkaloids derived from histidine and
purine
Carbon fixation in photosynthetic organisms
Glycolysis / Gluconeogenesis
Photosynthesis
Amino sugar and nucleotide sugar metabolism
Fructose and mannose metabolism
Pentose phosphate pathway
Photosynthesis
Alanine, aspartate and glutamate metabolism
Tyrosine metabolism
Isoquinoline alkaloid biosynthesis
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Count

%

45
37
30

2.873563
2.362708
1.915709

24

1.532567

24
22
20
17
16
13
10
9
9
8
4

1.532567
1.404853
1.277139
1.085568
1.021711
0.83014
0.63857
0.574713
0.574713
0.510856
0.255428

Table 4.3 The KEGG pathway enrichment analysis of the DEGs from ORCA3SRDX versus the EV control
Pathway
Ribosome
Spliceosome
Photosynthesis
Phenylalanine metabolism
Methane metabolism
Carbon fixation in photosynthetic organisms
Citrate cycle (TCA cycle)
Pyruvate metabolism
Alanine, aspartate and glutamate metabolism
Glyoxylate and dicarboxylate metabolism
Photosynthesis

125

Count

%

51
23
17
16
16
15
14
14
11
10
8

3.250478
1.465902
1.083493
1.019758
1.019758
0.956023
0.892288
0.892288
0.701083
0.637349
0.509879

Table 4.4 Primer sequences used for gene cloning and checking transgenic status
Name
rol B F
rol B R
rol C F
rol C R
vir C F
vir C R
nptII-F
nptII-R
ORCA3-Mfe I-F
ORCA3-Xho I-R
ORCA3-SRDX-R
ORCA3-qPCR-F
ORCA3-qPCR-R
ORCA3 PRO-EcoR I F
ORCA3 PRO-Hind III R

5'-3'
CTTATGACAAACTCATAGATAAAAGGTT
TCGTAACTATCCAACTCACATCAC
CAACCTGTTTCCTACTTTGTTAAC
AAACAAGTGACACACTCAGCTTC
GGCTTCGCCAACCAATTTGGAGAT
TTTTGCTCCTTCAAGGGAGGTGCC
ATGGGGATTGAACAAGATGGA
TCAGAAGAACTCGTCAAGAAG
GCCAATTGATGTCCGAAGAAATCATTTCCG
ATGCTCGAGTTAATATCGTGTCTTCTTCCT
ATGCTGCAGTTAAGCGAAACCCAAACGGAG
TTCTAGGTCGAGATATCGTCTCTTCTTCCT
CGGGATCCGAAATACAGAAA
GCCCTTATACCGGTTCCAAT
GCCAATTCCGGAGAGTAAAAACTATACTAAATG
ATGAAGCTTAGAAACTGATTTTTTATGAAGTTTT
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Table 4.5 Primer sequences used for RT-PCR
Name

Forward 5'-3'

Reverse 5'-3'

10-HGO

ACCGTTTCTGCAATTCATCC

CCACATCAGGCAAAACATTG

IO

CCAAACGCTGTACAAGCTCA

CCAATGTCCGCCGTAAGTAT

ASα

GCGAACATTTGCAGATCCAT

GGCCGATTTGTTATTGTTCC

BIS1

ACCAGCGTTTCAGCTTTTGG

ATTTGCACGCATGACAGCT

CPR

GCAACACAAGATGGCAGAAA

TATCCATCGATCCCTGCTCT

7-DLH

TTAAGCCCAAGAAGCTGGAA

GCCATGAGTCCCAACAGTTT

7-DLGT

TCGCAAACACATGCCAAGA

TGCATCAAGCCAATCCACAC

G10H

TTATTCGGATTCTGCCAAGG

TCCCCAAAGTGAATCGTCAT

CrGBF1

AACAGGCTGAGACGGAAGAA

GACCCGTGCATTTTTCAACT

CrGBF2

GGAAGGTGCCATCTACTCCA

CTAGATCGCCGAGCAGATTC

GES

ATCAAGTTCTTGCGCCAACC

TCATCTTCAAGGCCTCCAAT

IRS

AAACCCGAAAACCAGAGCT

CCACATGATTCGCCTTTTAC

LAMT

AGCCAAGGCAGTGATTGTT

CTGCAATGCGGAAAGGTTT

NMT

CTGGTGTCTTTAATAGGTTGTTCG

TTTGGCTTCATTATTGATGTTACC

ORCA3

CGGGATCCGAAATACAGAAA

GCCCTTATACCGGTTCCAAT

ORCA4

ATAGTAGTACTGCCGCCGAAAG

ATCTCCGCCGCAAATTTTCC

ORCA5

TCTTCCAACGGAGGTTAACGG

AATGTTGTCTCCAGGGCTTG

OMT

GGCTGGTGTAAAAGGGATTGT

TCTCACGCCGTATTTCTGAAT

RPS9

GAGGGCCAAAACAAACTTGA

CCCTTATGTGCCTTTGCCTA

SGD

GGAGGCTTCTTGAGTGATCG

GCAAATTCACCAGTGGCATA

SLS

GTTCCTTCTCACCGGAGTTG

CCCATTTGGTCAACATGTCA

STR

ACCATTGTGTGGGAGGACAT

ATTTGAATGGCACTCCTTGC

T16H1

CATTAAGGCTTCATCCACCAG

TCCGGGTTAAATTTCTCAGGT

T3O

TTTGCCATTTGGTGCCGGAAGA

CTGGGAGTTGCCAGTTGAAATGGT

T3R

CGCGAGTACGGGTGGAAGTATAAA

CGGGGATAACCTCAACATCTGCAA

TDC

CGTCATCCTCGACCATTTTT

ATCCGATCAAACCCATACCA

ZCT1

AGCCGAAAACTCATGCTTGT

CGCCTTTGCAACAGGTTTAT

ZCT2

CGTCAATTTCCATCGTTTCA

CCGATAGCGAATTCAAGTCC

ZCT3

GACAAGCTTTGGGAGGACAC

GGCAAGGCAGGTAAGTTCAA

2D7

TGGCGTTTCTGTTCTTAGCG

AGGAGCAGGCAAAAACGAAC

2D173

TCCGGGTCAACAACAACAAC

AGCAAATTTGGCGGCATTCC
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Table 4.6 Basic quality control summary of EV control and ORCA3 transcriptomes
Filename
File type

EV Control
Covertional base
calls

ORCA3-OX
Covertional base
calls

ORCA3-SRDX
Covertional base
calls

Encoding

Sanger/Illumina 1.9 Sanger/Illumina 1.9 Sanger/Illumina 1.9

Total Sequences
87310335
Sequences flagged as
poor quality
0

126088913

78171090

0

0

Sequence length

51

51

51

%GC

50

49

51
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Table 4.7 Demultiplex and trim summary of EV control and ORCA3 transcriptomes
EV Control
Barcode
Name

Barcode

Number
of Reads

Percentage
of reads

Average
Length

Number of
Reads After
Trim

Percentage
trimmed

Average
Length After
Trim

RT-PE4 A

NCTC

14,378,136

16%

47

14,043,050

97.61%

46.5

RT-PE4 B

NGCT

14,640,557

17%

47

14,640,557

98.04%

46.3

RT-PE4 C

NACT

12,757,839

15%

47

12,629,173

98.99%

46.5

RT-PE4 D

NCTG

14,571,531

17%

47

14,283,856

98.03%

46.2

RT-PE4 E

NTGG

14,659,342

17%

47

14,153,229

96.55%

45.7

RT-PE4 F

NCCG

12,637,407

14%

47

12,084,731

95.63%

46.3

3,485,200

4%

47

Barcode

Number
of Reads

Percentage
of reads

Average
Length

Number of Reads
After Trim

Percentage
trimmed

Average Length
After Trim

RT-PE4 A

NCTC

21,789,729

17%

47

21,358,428

98.02%

46.6

RT-PE4 B

NGCT

22,128,762

18%

47

21,970,533

99.28%

46.7

RT-PE4 C

NACT

21,080,609

17%

47

20,878,533

99.04%

46.6

RT-PE4 D

NCTG

28,107,121

22%

47

27,416,031

97.54%

46.3

RT-PE4 E

NTGG

6,789,335

5%

47

6,749,473

99.28%

46.6

RT-PE4 F

NCCG

14,615,193

12%

47

14,615,193

96.79%

46.5

9%

47

Not Grouped

ORCA3-OX
Barcode
Name

Not Grouped
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ORCA3-SRDX
Barcode
Name

Barcode

Number
of Reads

Percentage
of reads

Average
Length

Number of Reads
After Trim

Percentage
trimmed

Average Length
After Trim

RT-PE4 A

NCTC

10,822,003

14%

47

10,086,965

93.21%

46.1

RT-PE4 B

NGCT

14,407,049

18%

47

13,380,617

92.88%

45.3

RT-PE4 C

NACT

11,788,338

15%

47

11,486,852

97.44%

46.4

RT-PE4 D

NCTG

12,648,372

16%

47

12,188,675

96.37%

46.1

RT-PE4 E

NTGG

11,256,450

14%

47

11,043,561

98.11%

46.3

RT-PE4 F

NCCG

13,303,667

17%

47

11,508,832

86.51%

45.4

5%

47

Not Grouped
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Table 4.8 Mapping statistics of different transgenic lines
EV Control
RT-PET4 A

RT-PET4 B

RT-PET4 C

RT-PET4 D

RT-PET4 E

RT-PET4 F

Counted fragments

6,746,946 (48.04%)

6,582,829 (45.86%)

6,218,929 (49.24%)

7,596,665 (53.18%)

6,879,924 (48.61%)

5,770,006 (47.75%)

Unique fragments

6,523,573 (46.45%)

6,363,720 (44.34%)

6,011,353 (47.06%)

7,362,452 (51.54%

6,659,403 (47.05%)

5,597,935 (46.32%)

223,373 (1.59%)

219,109 (1.53%)

207,576 (1.64%)

234,213 (1.64%)

220,521 (1.56%)

172,053 (1.42%)

Uncounted fragments

7,296,104 (51.96%)

7,770,165 (54.14%)

6,410,244 (50.76%)

6,687,191 (46.82%)

7,273,305 (51.39%)

6,314,725 (52.25%)

Total fragments

14,043,050 (100%)

14,352,994 (100%)

12,629,173 (100%)

14,283,856 (100%)

14,153,229 (100%)

12,084,731 (100%)

Non-specifically

ORCA3-OX
RT-PET4 A

RT-PET4 B

RT-PET4 C

RT-PET4 D

Counted fragments

11,189,062 (52.39%)

11,918,757 (54.25%)

11,625,607 (55.68%)

13,445,340 (49.04%)

3,751,066 (55.58%)

6,242,615 (44.13%)

Unique fragments

10,845,579 (50.78%)

11,565,324 (52.64%)

11,268,566 (53.97%)

13,050,648 (47.60%

3,641,302 (53.95%)

6,067,654 (42.89%)

343,483 (1.61%)

353,433 (1.61%)

357,041 (1.71%)

394,692 (1.44%)

109,764 (1.63%)

1,561,144 (1.24%)

10,169,366 (47.61%)

10,051,776 (45.75%)

9,252,926 (44.32%)

13,970,691 (50.96%)

2,998,407 (44.42%)

7,903,462 (55.87%)

21,358,428 (100%)

21,970,533 (100%)

20,878,533 (100%)

27,416,031 (100%)

6,749,473 (100%)

14,146,077 (100%)

Non-specifically
Uncounted fragments
Total fragments

RT-PET4 E

RT-PET4 F

ORCA3-SRDX
RT-PET4 A

RT-PET4 B

RT-PET4 C

RT-PET4 D

RT-PET4 E

RT-PET4 F

Counted fragments

4,373,418 (43.36%)

5,613,621 (41.95%)

4,865,741 (42.36%)

5,764,156 (47.29%)

5,029,810 (45.55%)

4,721,370 (41.02%)

Unique fragments

4,222,523 (41.86%)

5,419,379 (40.50%)

4,698,468 (40.90%)

5,594,331 (45.09%)

4,861,763 (44.02%)

4,575,539 (39.76%)

150,895 (1.50%)

194,242 (1.45%)

167,273 (1.46%)

169,825 (1.39%)

168,047 (1.52%)

6,787,462 (1.27%)

Uncounted fragments

5,713,547 (56.64%)

7,766,996 (58.05%)

6,621,111 (57.64%)

6,424,519 (52.71%)

6,013,751 (54.45%)

6,787,462 (58.98%)

Total fragments

10,086,965 (100%)

13,380,617 (100%)

11,468,852 (100%)

12,188,675 (100%)

11,043,561 (100%)

11,508,832 (100%)

Non-specifically
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Figure 4.1 Schematic representation of expression vector and transgenic status
determination of EV control, ORCA3-OX, and ORCA3-SRDX hairy root lines. (A)
Schematic representation of expression vectors used for generating two different ORCA3
transgenic hairy roots lines. For overexpression, I used the pKYLX71 (Schardl et al.,
1987) vector containing the ORCA3 gene under the control of its own promoter and rbcS
terminator. For dominant-repression, I used the pKYLX71 vector containing the ORCA3SRDX (LDLELRLGFA) under the control of its own promoter and rbcS terminator. LB,
left T-DNA border; mcs, multiple cloning site; npt II, neomycin phosphotransferase; nos,
nos promoter; nos T, nos polyA; RB, right T-DNA border. (B) The RT-PCR products
indicated that the rol B, rol C, vir C and npt II genes were presented in the transgenic
hairy root lines.

The empty vector (EV) control, ORCA3::ORCA3-OX, and the

ORCA3:SRDX transgenic lines contained the Ri T-DNA and T-DNA. The PCR
fragments of rol B gene (860 bp), rol C gene (620 bp), vir C (650 bp), npt II (798 bp) are
indicated in parentheses.
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Figure 4.2 Differential gene expression analysis of ORCA3-OX and ORCA3-SRDX
transcriptomes. (A) Compared with the EV control, overexpression of ORCA3 resulted
in up-regulation of 1303 genes and down-regulation of 785 genes. In the ORCA3-SRDX
repression hairy root line, differential expression analysis showed that 1381 and 840
genes are up- and down-regulated, respectively. The x-axis indicates log-fold change
(FC), and the y-axis indicates log-counts per million (CPM). The blue lines indicate ±1
fold changes. (B) Venn diagrams showing the overlapping DEGs between ORCA3-OX
and ORCA3-SRDX. Further comparisons show the overlapping genes between
upregulated

(or

downregulated)

DEGs

of

downregulated) DEGs of ORCA3-SRDX.
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ORCA3-OX

and

upregulated

(or

Figure 4.3 KEGG pathway enrichment of the DEGs which were identified from the
ORCA3-OX and ORCA3-SRDX transcriptomic data.

The enriched pathways

associated with DEGs in ORCA3-OX (A) and ORCA3-SRDX (B) hairy root lines. The
values on the pie chart represent the percentage of total DEGs in each pathway category.
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Figure 4.4 Coexpression analysis of DEGs identified in both ORCA3-OX and
ORCA3-SRDX transcriptome data. Cluster 1-6: Genes showing coexpression patterns
of common DEGs in ORCA3-OX and ORCA3-SRDX; Cluster A-B: Hierarchical cluster
analysis showing expression of DEGs unique to ORCA3-OX; Cluster C-D: Hierarchical
cluster analysis showing expression of DEGs unique to ORCA3-SRDX. Co-expression
clusters were generated using MFuzz package with C-means soft clustering algorithm.
EV, OX, and SRDX on the X-axis represent EV control, ORCA3-OX, and ORCA3SRDX, respectively.

The Y-axis represents gene expression values, where gene

expression values were standardized to have zero mean and one standard deviation.
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Figure 4.5 Gene Ontology (GO) biological process classifications of DEGs in
ORCA3-OX transcriptome. The GO enriched biological processes associated with
DEGs in ORCA3-OX hairy root lines. The X-axis represents the number of genes in each
biological process, and Y-axis represents the classification of different biological
processes. Three biological processes highlight in red are selected for hierarchical
clustering analysis to identify potential targets which are positively regulated by ORCA3.
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Figure 4.6 Hierarchical clustering analysis and GO biological process classifications
of selected DEGs which positively respond to abiotic stimulus in the ORCA3-OX
transcriptome. (A) The hierarchical clustering analysis of selected DEGs which are
upregulated in ORCA3-OX hairy root lines. (B) GO biological process classificantion of
selected DEGS which are involved in various abiotic stimuli. The X-axis represents the
number of genes in each biological process, and Y-axis represents the classification of
different biological processes.

137

Figure 4.7 Hierarchical clustering analysis and GO biological process classification
of selected DEGs which are positively respond to hormone related stimuli in the
ORCA3-OX transcriptome. (A) The hierarchical clustering analysis of selected DEGs
which are upregulated in ORCA3-OX hairy root lines. (B) GO biological process
classificantion of selected DEGS which are involved in to hormone related stimuli. The
X-axis represents the classification of different biological processes, and Y-axis
represents the number of genes in each biological process.
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Figure 4.8 Overexpression ORCA3 influences the expression of genes related to
different phytohormonal signaling pathways. Catharanthus transcripts of all DEGs
were submitted to the DAVID Bioimformatics Resources. KEGG pathway enrichment
analysis was conducted to identify potential DEGs which are involved in different plant
hormone signal transduction. Differential expressed genes are marked with red stars.
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Figure 4.9 Hierarchical clustering analysis and gene ontology (GO) biological
process classifications of selected DEGs which are positively involved in secondary
metabolic processes in ORCA3-OX transcriptomes. (A) The hierarchical clustering
analysis of selected DEGs which are upregulated in ORCA3-OX hairy root lines. (B) GO
biological process classificantion of selected DEGS which are involved in secondary
metabolic processes. The X-axis represents the number of genes in each biological
process, and Y-axis represents the classification of different biological processes.
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Figure 4.10 qRT-PCR analysis of TIA biosynthetic and regulatory genes in EV
control, ORCA3-OX, and ORCA3-SRDX hairy root lines. The relative expression
levels of TIA pathway genes encoding enzymes and transcriptional regulators in EV
control, ORCA3-OX and ORCA3-SRDX hairy root lines. Ribosomal protein subunit 9
(RPS9) was used as an internal control. Data represent means ± standard deviation (SD)
of three replicates. Significant differences among different lines were determined at
<0.05 by Student’s T-test, and are indicated by *.
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Figure 4.11 Relative expressions of ORCAs and BIS1 genes in EV control, ORCA3OX, and ORCA3-SRDX hairy root lines. Ribosomal protein subunit 9 (RPS9) was
used as an internal control. Data represent means ± standard deviation (SD) of three
replicates. Significant differences among different lines were determined at <0.05 by
Student’s T-test, and are indicated by *.
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Figure 4.12 qRT-PCR validation of selected transcription factors related to ORCA3
expression. The relative expression levels of three candidate transcription factors in EV
control, ORCA3-OX and ORCA3-SRDX hairy root lines (A) and after JA treatment for
different time points (B). Ribosomal protein subunit 9 (RPS9) was used as an internal
control. Data represent means ± standard deviation (SD) of three replicates. Significant
differences among different lines were determined at <0.05 by Student’s T-test, and are
indicated by *.
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Figure 4.13 Hierarchical clustering analysis of key TIA biosynthetic enzymes,
candidate TFs, and transcriptional regulators in different tissues of C. roseus. The
hierarchical clustering analysis show bHLH TF CrbHLH1 clustered with ORCA1 and
BPF1, AP2/ERF TF CrERF2 clustered with vindoline pathway genes; and AP2/ERF TF
CrERF3 clustered with CrGBF2.

Copyright © Xueyi Sui 2017
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CHAPTER FIVE
Conclusion and future perspective
CrMYC2 and ORCA3 have been identified as master regulators in the TIA biosynthesis
pathway. The activity of each individual transcription factor on TIA pathway genes and
transcriptional regulators has been investigated in different Catharanthus study
platforms, such as cell suspension, hairy roots, and leaves. In some cases, if not all, the
impacts of a specific transcription factor on TIA pathway might vary in different systems.
Furthermore, the potential effects of CrMYC2/ORCA3 on the TIA pathway (e.g. the
MEP pathway, iridoid pathway) are poorly understood due to TIA precursor feeding in
cell suspension. In addition, it is also interesting to know whether other newly identified
TIA pathway genes are influenced by CrMYC2/ORCA3.
To in depth understand the global effect of CrMYC2/ORCA3 on the TIA pathway, we
performed transcriptomic analysis by generating transgenic hairy roots. CrMYC2,
sharing conserved structure with other orthologues in different species, is able to
differentiate extensive gene expression reprogramming to response to various biotic and
abiotic stresses (Chapter 2), and connect JA signaling with other phytohormonal
signaling through directly binding to promoters and interaction with different types of
transcription factor.
TIA biosynthesis is coordinately regulated by a set of transcription factors. Although
various TIA transcription regulators have been identified, the interconnection of these
regulators is lacking. Understanding the interactions among these regulators not only is
important for metabolic engineering TIA production in Catharanthus, but also provides a
reference model to illustrate the delicacy of plant specialized metabolite biosynthesis.
Overexpression of CrMYC2 downregulated most of TIA pathway gene expressions,
while upregulated the expression of TIA transcriptional repressors (CrGBFs and ZCTs). I
use cross-family transcription factor interactions model partially explained the reason
why overexpression a transcriptional activator is unable to boost TIA compound
accumulation (Chapter 3). However, one question remains to answer is the combinatorial
repression effect on TIA biosynthesis when taking both CrGBFs and ZCTs into
consideration.
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The master regulatory role of ORCA3 in TIA biosynthesis has been identified for
decades. However, the identification of ORCA2/4/5, which functional overlapping with
ORCA3, changed our understanding of TIA transcriptional network. The regulation of
ORCA3 on JA biosynthesis pathway and the additional TIA pathway genes together with
the identification of new candidate TIA regulators shed light on the future study of
ORCA3 (Chapter 4).
In the future study, TIA pathway transcriptional regulation might be focused on the
following aspects:
1. Accumulating evidences indicates TIA biosynthesis is regulated by functional
overlapping genes, such as ORCA3/4/5, BIS1/2, CrGBF1/2, and ZCT1/2/3. Although the
transcriptional abilities within each type of homologues on the TIA pathway gene vary,
genetic manipulation of same type of homologues simultaneously via biotechnology is
crucial to increase TIA production in vivo.
2. Trying to understand the interconnections among different TIA activators and
repressors are important to unravel the twists of the TIA biosynthesis. In this dissertation,
we only propose a regulation model between CrMYC2 and CrGBFs to explain how TIA
biosynthesis is regulated. It is more interesting to explore the transcriptional consequence
of other regulator combinations, such as co-overexpression of ORCA3 and ORCA4, or
co-overexpression of ORCA3 and BIS1.
3. Identification of novel pathway enzyme gene(s) and transcription factor(s) which is
involved in regulating different branches of TIA pathway is also a promising aspect to
regulate TIA biosynthesis. RNA-seq followed by transcriptomic analysis is a powerful
tool to comprehensive understanding the potential effects of one specific transcription
factor on TIA biosynthesis.

Copyright © Xueyi Sui 2017
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